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"As for the future, your task is not to foresee, but to enable it."
Antoine-Marie-Roger de Saint-Exupéry



ABSTRACT

The objective of this MSc thesis was to design a miniaturised Raman spectrometer that can
be used in terrestrial deep ice applications of the IceMole probe. This probe is a manoeu-
vrable subsurface system for clean in situ analysis and sampling, developed at FH Aachen
University of Applied Sciences since 2008, that is now part of a bigger DLR collaborative
initiative, called Enceladus Explorer (EnEx). It combines melting with a hollow rotating ice
screw and it now presents a cross sectional area of 80mm×80mm.

Raman spectroscopy is a promising non-destructive technique that allows to identify
both mineral and biological compounds with a minimum amount of sample, by measuring
the inelastic scattering of light. In order to achieve an appropriate design for the instrument,
the project followed a systems engineering approach. The first step was the derivation of the
requirements related to the technical constraints dictated by the miniaturised design of the
probe and to the performances that allow the spectrometer to detect potential biosignatures.

The design process was carried out by successive choices so as to propose a final con-
figuration, developed as a CAD model in the software CATIA™. The instrument performs
its measurements through a sapphire window in the IceMole probe, looking directly into
the ice. It excites the sample with a laser wavelength of 532nm transmitted via a dichroic
beamsplitter. The scattered light is collected by a long-pass edge filter and a 30◦ off-axis
parabolic mirror that focuses the light into a collimator. The light is then delivered to a CCD
spectrometer via an optical fibre. The spectrometer is able to measure a spectral range of
546.9−700nm with an accuracy of at least 0.4nm, combination of the characteristics of the
optical components. The final result is a Raman spectrometer design modelled by the use
of off-the-shelf components, selected through systems engineering trade-offs. The final di-
mensions of the instrument are 65mm×65mm×150mm, with a mass of ∼ 1.1kg.

The outcome of this thesis will have to be verified and validated in order to ensure the
correct working of the system, the compliance with the derived requirements and the valid-
ity of the use of this instrument to satisfy the customers’ needs and expectations. Therefore,
a preliminary verification plan was proposed in accordance to systems engineering.

Eventually, the future of such a Raman spectrometer will be space exploration and life
detection missions as payload of the subsurface probe. The space targets for those missions
are the ones identified as most promising for harbouring potential living micro-organisms:
the polar caps of Mars, Jupiter’s moon Europa and Saturn’s moon Enceladus.
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1
INTRODUCTION

The Enceladus Explorer (EnEx) initiative is a collaborative project funded by the Deutschen
zentrum für Luft-und Raumfahrt - German Space Administration (DLR), on which six Ger-
man universities are working in order to develop a manoeuvrable subsurface probe able to
navigate autonomously in deep ice. This project is particularly important in the context of
a roadmap towards space missions, but currently its main focus is on the terrestrial applica-
tions and testing of such a probe.

The probe has been built up by FH Aachen University of Applied Sciences since 2008, as
an innovative melting probe, called IceMole. IceMole merges the techniques of ice melting
and drilling by combining a rotating ice hollow screw on its melting head. Moreover, it is a
steerable probe because of differential heating of the plates on its head, supported by side-
wall plates as well. It is a successful innovation in ice penetration, that can open the path
towards the exploration of the icy environments in space, such as the polar caps of Mars
and the icy moons Europa and Enceladus. In fact, these targets have gain more and more
attention from astrobiology as potential habitats for living organisms [Dachwald et al., 2014;
Konstantinidis et al., 2015b].

The latest version of the IceMole probe underlines the importance of miniaturisation:
in fact, the new design presents a cross sectional area of 80mm × 80mm and a length of
∼ 450mm. Miniaturisation is extremely advantageous for space exploration as well as for
the terrestrial applications, since it allows the reduction of costs, risks and power require-
ments. In the context of this new IceMole design, the objective of the thesis was to analyse
and design a payload that could detect life and its biosignatures in the terrestrial applications
of the probe. In fact, life, intended as something that could originate, evolve and develop in
its Darwinian meaning, is believed to have been preserved since its origin by icy environ-
ments such the ones in which IceMole operates [Domagal-Goldman et al., 2016; Horneck
et al., 2016] . Price [2007] demonstrated indeed that ice presents the characteristics that al-
low life to be preserved and to exist.

During an intensive literature study presented in Russano [2017], a Raman spectrome-
ter was identified as the most promising life detection instrument for IceMole in terms of
size, technology assessment, power requirement and performance, to detect potential living
micro-organisms. Raman spectroscopy is indeed a powerful non-destructive technique that
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allows to identify both organic and inorganic molecules, by measuring the inelastic scatter-
ing of light [Blacksberg et al., 2016; Brewer et al., 2004; Tarcea et al., 2008].

In order to satisfy the need of a payload that could detect potential life in ice, the aim
of this thesis was to design such an instrument that could comply with the miniaturised
generation of the IceMole probe and that can be operational in its terrestrial applications.

1.1. RESEARCH QUESTIONS
The thesis developed around a central point and the main research question which repre-
sented the focus of the whole work was derived so as to dictate some guidelines for the de-
velopment of the project. This mentioned research question is the following:

Is it be possible to design a miniaturised Raman spectrometer,
considering the volumetric, technical and environmental constraints dictated by the new

design of the IceMole probe and its operations?

This inquiry is the main target of this thesis and it particularly underlines the main criti-
cal aspect of the research: the compliance with the probe itself in its dimensions and oper-
ations. In order to answer to this research question, a path was followed that derives from
some sub-questions which helped in identifying the steps to be taken.

First of all, which are the critical constraints dictated by the IceMole probe? and which is
the required performance of the Raman spectrometer? were the two questions that permitted
to derive the requirements that the instrument has to meet and that described the working
of the technology. Successively, the design had to be obtained and for this process this sub-
question needed to be answered: can off-the-shelf components be used for the design of such
an instrument? The answer to this question implied some choices in the design and deter-
mined whether some modelling was necessary to achieve a satisfying final outcome. Then,
an evaluation of the achieved design was needed, so as to be sure to have accomplished the
goal and for this task the sub-question is the following: does the design allow to satisfy the
customers’ needs by working properly? This last sub-question is related both to the verifica-
tion and validation of the Raman instrument, which are processes that had to be considered
during the entire work.

One last investigation concerned the use of such an instrument in the future space appli-
cations of the ice penetration probe. To this end, the question to be answered is the follow-
ing: what has to be changed in order to have a system that can operate in the icy environments
identified in the Solar system? This inquiry is more related to the future development of the
presented work than to the main research question itself, by presenting how the project will
evolve.

1.2. REPORT STRUCTURE
The sub-questions were derived in order to represent a path to be followed during the work
and that is remarked by the structure of the report as well. The thesis is divided into four
principal parts.
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Part I presents the background information, studied in order to gain as much knowledge
as possible on the aspects that have to be dealt with. The EnEx initiative is explained in
detail in Chapter 2. The origin of the project and the different generations of IceMole are
described, so as to represent the innovation that they have brought to ice penetration. Then,
by following a systems engineering approach, the derivation of requirements is performed in
Chapter 3. A first need analysis is considered and the top-level mission requirements and the
technical system requirements are derived from the constraints imposed by the IceMole de-
sign and operations. Then an insight on the technique of Raman spectroscopy is discussed
in Chapter 4, so as to highlight the components of the instrument that have to be selected in
the next phases of the project.

The main focus of the thesis is presented in Part II, where the design of the Raman spec-
trometer is formulated. Firstly, the main parameters of the payload are discussed and its
requirements are derived in Chapter 5, after a meeting with DLR experts. Then, the design is
divided in turn into three main phases. At first, a preliminary design is elaborated in Chap-
ter 6, in order to define a preliminary system configuration that drives the design. Then, all
the components are selected through extensive trade-offs in Chapter 7 and the preliminary
assembly options are elaborated via Computer-Aided Design (CAD) modelling with the soft-
ware CATIA™. Eventually, the definitive design is presented in Chapter 8, with its modelling
through the software. Moreover, the principal budgets are defined and a preliminary cost
estimation is computed.

Part III deals with the verification and the validation of the proposed design of the Raman
spectrometer, always referring to the systems engineering approach and tools. Therefore,
Chapter 9 presents a verification and validation plan for the requirements and the proposed
design, along with the proposal for the calibration of the instrument. Then, Chapter 10 ex-
plains how and where such a Raman spectrometer can be employed in future space missions
towards those targets identified as potential habitats for living micro-organisms: the polar
caps of Mars and the icy moons Europa and Enceladus. For this task, the requirements and
the design itself are evaluated to decide what needs to be changed for space applications.

The last Part IV presents the results of this work, what they mean and the future steps to
be taken in the development of the project.



PART I:

BACKGROUND INFORMATION
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2
ENCELADUS EXPLORER

The Enceladus Explorer (EnEx) initiative is a collaborative research and development project
funded by DLR since 2012, on which six German universities collaborate. The motivation of
this project lies on the Cassini spacecraft confirmation of the existence of active fissures in
the South polar region of the surface of Saturn’s moon Enceladus, the so-called tiger stripes,
from which giant jets of water ice are shot into space. Measurements and analyses of these
ejected plumes by the spacecraft showed that this cryovolcanic activity is powered by liq-
uid water located below the icy surface, which could have preserved the existence of living
micro-organisms, evolved in this speculative salt water ocean [DLR, 2012; Kowalski et al.,
2016].

FIGURE 2.1: EnEx logo

The current aim of EnEx project is to de-
velop an autonomous steerable subsurface ice probe
to demonstrate autonomous navigation in deep
ice [Konstantinidis et al., 2015b], while the final ob-
jective will be to develop a mission concept that
can be used in future exploration of Enceladus to
access subsurface liquid material for clean sam-
pling and in situ analysis. Meanwhile, the attention
is paid on Earth applications since the technolo-
gies needed for Enceladus and other space icy en-
vironments are still under development, because
of major technological challenges due to the harsh
conditions of the celestial bodies, as it is described
later in Chapter 10. Moreover, because EnEx is de-
veloped in university research groups, the focus on
terrestrial applications allows to keep the costs low.

Anyway, these applications present some major challenges as well, that were presented
by Konstantinidis et al. [2015b]: liquid water must be detected in ice and the distance to a set
target point has to be estimated; attitude and position with respect to the surface ground sta-
tion and the target point need continuous determination; obstacles in ice must be detected;
and the optimal path to get to the target has to be autonomously determined.
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The EnEx collaboration currently comprises the following projects [RWTH Aachen, 2016]:

• EnEx-Environmental Experimental Testing (nExT) at FH Aachen

• EnEx-Cognitive Autonomous Subsurface Exploration (CAUSE) at University of Bremen

• EnEx-Directional Melting in Ice (DiMIce) at RWTH Aachen

• EnEx-Magnetic Improvement and Evaluation (MIE) at University of Braunschweig

• EnEx-Navigation System on Enceladus (NavEn) at Bundeswehr University Munich

• EnEx-Robust Autonomous Acoustic Navigation in Glacier Ice (RANGE) at RWTH Aachen

At the same time, the final EnEx mission concept is being formulated at the Institute for
Space Technology & Space Applications (ISTA) of Bundeswehr University Munich in an on-
going development study, which means that all key features can still be subjected to change.
The main effort considering the future concept is the development of mission architecture
trades to decide on the critical elements. The decision processes concerning the key mission
architecture choices were described by Konstantinidis et al. [2015b] and they are: the main
power source, the orbiter element, the propulsion methods and trajectories to reach Ence-
ladus and the lander type. After the due considerations, the key characteristics chosen for
the mission are: a nuclear fission generator as power source, separate orbiter and lander, an
electric propulsion method and a legged lander.

FIGURE 2.2: Reference EnEx mission scenario [Konstantinidis et al., 2015a]
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Figure 2.2 shows the current high-level mission architecture and scenario. The mission
will comprise three main elements: an orbiter, a lander and the IceMole (described in detail
in next Section). The orbiter and the lander will be reunited in a combined spacecraft and
the orbiter will be used as a propulsion module. The transfer to Enceladus will be accom-
plished with the use of a nuclear reactor on the lander module. After orbital capture around
the moon, the orbiter will select a potential landing site, through remote sensing. Landing
site reconnaissance requires a high level of accuracy and autonomous hazard avoidance. In
fact, the landing distance from the plumes is very important, because it cannot be too short
but either too long, as the length of the communication and power tether between the lander
and the probe has to be minimised. Once the landing site reconnaissance phase will be com-
pleted, the orbiter and the lander will separate and the latter will land safely close to one of
the stripes. At this point the orbiter will work as communication link between the lander and
Earth. Once landed, the IceMole and the elements of its navigation system will be deployed
and the probe operations will start, powered by the nuclear reactor of the lander [Konstan-
tinidis et al., 2015a,b].

At last, one of the most important considerations for the mission towards Enceladus is
the planetary protection requirement. The South polar terrain of the moon, where the cryo-
volcanism is detected, is subjected to planetary protection restriction because it potentially
hosts living micro-organisms. Therefore each element of the mission needs to be analysed
in terms of risk of contamination and the necessary ways to diminish that risk within the
acceptable probability of 10−4 have to be identified. The same rationale applies to terrestrial
analogous subglacial environments to preserve both sample integrity and the pristine na-
ture of the explored systems [Dachwald et al., 2013, 2014; Konstantinidis et al., 2015b].

Hence, neglecting the lander and orbiter under study, the EnEx initiative currently com-
prises the subsurface probe IceMole, the in-ice autonomous navigation payload and a sur-
face control module. The navigation solution consists of four modules, which were deeply
described by Kowalski et al. [2016]:

• a Dead Reckoning (DR), based on inertial and magnetic attitude determination. The
position of the probe is determined with respect to a provided point of departure ac-
cording to the attitude evolution and information on the travelled distance, acquired
by means of an Inertial Measurement Unit (IMU) and differential magnetometry.

• an Acoustic Positioning System (APS), that provides the absolute positioning via trilat-
eration of acoustic signals. It consists of: six ultrasonic emitters at a depth of ∼ 1m;
four receivers in IceMole head; a signal generation system at surface; and a data acqui-
sition system, into the IceMole payload bay.

• an Acoustic Reconnaissance System (ARS), based on sonography, that could detect
possible obstacles or potential targets.

• a high-level Sensor Fusion (SF) unit, to integrate the acquired DR, APS and ARS data in
order to enable their use.

2.1. ICEMOLE PROBE
The described navigation solution is therefore integrated into a research melting probe, the
IceMole, a novel manoeuvrable subsurface system for clean in situ analysis and sampling,
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which has been developed at FH Aachen University of Applied Sciences since 2008.

IceMole originated as a solution to overcome the major drawbacks of both conventional
ice penetration methods, drilling and melting. Drills present high mass and power require-
ment; they are not steerable, allowing to penetrate only downwards; they cannot avoid in-
clusions; and their operational effort excludes their use on robotic mission to reach great
depths. On the other hand, although they are considered a much better technique for in situ
exploration of icy environments, conventional ice melting probes come with disadvantages,
too: they penetrate only vertically downwards too and they are not steerable; they cannot
overcome dust/dirt layers; and they cannot be recovered from greater depths [Dachwald
et al., 2013].

IceMole presents several advantages over these ice penetration methods, which were dis-
cussed also in the preceding literature studies to this work [Russano, 2016, 2017]. This novel
concept is based on the combination of the two methods, melting and drilling with a hollow
ice screw, in order to allow the probe to penetrate reasonable thick layers of ice inclusions.
Moreover, the screw allows close-contact between the melting head and the ice, optimising
the conductive heat transfer to ice and aiding the system to steer. The probe has a quadratic
cross section, so as to counteract the torque generated by the ice screw, and a melting head
that allows differential heating to change direction. Optional side-wall heaters may be used
to support this curve-driving capability. The required electric power is generated by a surface
generator and delivered via an uncoiled tether, which is used for communication and data
transmission, as well. Moreover, the probe is able to melt upwards, against gravity, in order
to be recovered from the ice. Another advantage of the IceMole probe is that no drilling fluid
is used and the probe can be sterilised before deployment, according to planetary protec-
tion standards and the Antarctic Code of Conduct (CoC) for the Exploration and Research of
Subglacial Aquatic Environments [Dachwald et al., 2013, 2014; Konstantinidis et al., 2015b].

2.1.1. HERITAGE
Ice melting probes have a huge heritage that dates back to the beginning of the 1960s. The
major example of these concepts was the Philberth probe, a non-recoverable, instrumented
melting probe designed in 1962 to measure temperature in ice. However, the most advanced
melting probe design was that of Jet Propulsion Laboratory (JPL) Cryobot in 1998. It was part
of the Earth-Europe Program and it was designed as an implementation of the previous ex-
ample: it was considerably smaller, lighter and required less power. The probe was 1m in
length and 10cm in diameter. It relied on a Radioisotope Thermoelectric Generator (RTG)
which provided 1kW for the operations. The head and shell were provided with 4 heaters
for passive melting and differential heating to permit steerability. Data were transmitted
through a tether to a primary upper half of the probe containing the electronics and then
transmitted to a surface lander via mini-RF ice transceivers, dropped off during the descent
of the probe [Dachwald et al., 2013; Zimmerman et al., 2001]. However, Cryobot still pre-
sented the drawbacks of a pure melting probe.

The first generation of IceMole probe, IceMole 1, was tested in September 2010 with three
successful penetration tests on the Swiss Morteratsch glacier. It presented a melting head
with a required power of 3.2kW, distributed over four heating zones. It had a length of 0.87m,
originally designed to collect ice samples. The hollow ice screw was thermally isolated from
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the melting head to allow collection of unmelted ice through the interior of the screw. A
simple Off-The-Shelf (OTS) camera was installed in the payload bay for testing purposes.
The conducted tests demonstrated the following capabilities, reported by Dachwald et al.
[2013, 2014]:

• Melting 45◦ upwards for ∼ 1.5m, against gravity
• Melting horizontally for ∼ 5m
• Melting 45◦ downwards for ∼ 3m, penetrating three obstructing non-ice layers and

driving a curve of ∼ 10m
• Achieving a penetration velocity of ∼ 0.3m/h

A new advanced lighter prototype, IceMole 2, was then developed between 2010 and
2012. It presented a more sophisticated heater control system, with 12 separately control-
lable heating cartridges in the new parabolically shaped melting head and 8 side-wall heaters.
Moreover, it was equipped with an attitude determination system. It succeeded in increas-
ing its melting velocity up to 1m/h. Tests were conducted on Morteratsch glacier and on
Hofsjökull (Iceland) in 2012. They demonstrated the recoverability of the probe by melting a
standing U-channel but, however, they revealed that the parabolic shape of the head dimin-
ished the curve-melting capability, due to the inability to generate a torque perpendicular
to the longitudinal axis. However, although this drawback on the curve-driving capability,
IceMole 2 testing demonstrated the capability and stability of the electronic subsystems and
the software, as well as the reliability of the operations [Dachwald et al., 2014].

2.1.2. CURRENT DEVELOPMENT
Within EnEx, a new design of the probe, referred to as EnEx-IceMole, has been proposed.
Table 2.1 underlines the main differences for the three generations. EnEx-IceMole presents

TABLE 2.1: Technical data for the different IceMole probes [Dachwald et al., 2014]
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FIGURE 2.3: Technical drawings of the EnEx-IceMole design and its head [Konstantinidis et al.,
2015b]

a rectangular shape with a cross sectional area of 15cm×15cm, a length of 2m and a mass
of ∼ 60kg. Its technical drawings are presented in Figure 2.3. The screw is driven by a 25W
servo-controlled electric motor and gear system. The required electric power 230V/50Hz is
provided by a surface RTG and transmitted via the three-conductor power cable [Dachwald
et al., 2014; Konstantinidis et al., 2015b]. In order to avoid obstacles, detect potential targets
and navigate in ice, the EnEx-IceMole owns an IMU and a magnetometer to determine its at-
titude. A second reference magnetometer can be found at the surface station. In the melting
head, 4 ultrasonic phased arrays are integrated to detect the targeted crevasse and potential
obstacles. Extra acoustic pingers on the surface emit signals, received by 4 separate on-board
detectors, which use the triangulation principle to independently determine the position of
the probe [Dachwald et al., 2014; Konstantinidis et al., 2015b].

The first field test of the EnEx-IceMole was conducted in June 2013 on Morteratsch glacier.
The main objective was to test the stability and interoperability of the newly developed nav-
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igation subsystems and the design changes in the probe, above all concerning the curve-
driving capability according to the increased length. However, the main test campaign for
EnEx-IceMole was conducted in Antarctica, at Blood Falls in 2015, in a collaborative ex-
ploration mission with MIDGE project. The Minimally Invasive Direct Glacial Exploration
(MIDGE) project is funded by the US National Science Foundation (NSF) and it aims at clean
sample return of subglacial water from a crevasse for life detection and analysis. Therefore,
the main objectives of these tests were to reach the crevasse and collect clean sampling. In
order to meet the clean-access requirements, IceMole arrived at the field site sterilised, then
it was subjected to a field-based cleaning step for decontamination at a pressure of 10bar
and to an in situ decontamination of the sampling mechanisms immediately before sample
collection, with a 3% hydrogen peroxide (H2O2) solution [Dachwald et al., 2014; Konstan-
tinidis et al., 2015b; Leimena et al., 2010]. During testing at Blood Falls, the EnEx-IceMole
probe was able to return to surface clean in situ samples, thanks to these decontamination
methods and to its working principle that allows it to be recovered from ice.

However, the designing and development of the probe for a future astrobiological mis-
sion to Enceladus has still a long technological roadmap to face. It will be a multi-stage
process, so each phase will focus on optimising the several capabilities of the probe. Cur-
rently, EnEx-nExT research team is working on the miniaturisation of the probe and on the
development of a scientific payload, able to provide sample measurements in situ in order to
detect potential biosignatures. The new design of the probe is presented in Figure 2.4. The
rectangular shape is maintained but the dimensions are reduced to a cross sectional area of
80mm×80mm and a length of ∼ 450mm. In this way, the mass is reduced to ∼ 6kg but the
power required for operations is still quite high, equal to ∼ 5kW.

FIGURE 2.4: Rendering of the current version of IceMole (Credits: EnEx-nExT)



3
DERIVATION OF REQUIREMENTS

In the context of the EnEx-nExT research, a scientific payload for in ice detection of potential
life was investigated. The payload is considered to be operational for the latest generation of
IceMole, which means that the strict constraints on the size of the payload have to be con-
sidered. The instrument to be designed was selected to be a Raman spectrometer, the most
promising instrument in terms of performance, size, technological assessment and power
requirement in order to be able to detect potential living micro-organisms in ice. Therefore,
with a view to designing a system that is targeted to be used in practical applications, the
following work was carried out considering a systems engineering approach.

Systems engineering allows to develop an operable system that meets requirements
within imposed constraints, considering and balancing the contributions of structural, me-
chanical, electrical, software, systems safety, and power engineers, plus many others, to pro-
duce a coherent whole [Larson et al., 2009, p.3]. It is a methodical, disciplined approach for
the design, realisation, technical management, operations and retirement of a system, i.e. a
set of interrelated components working together to accomplish a common purpose [NASA,
2007, p.3]. Another detailed definition for systems engineering is provided by the US Air
Force Military Standard 449A (1974), in which it is identified as the efforts to: (1) transform
an operational need into a description of system performance parameters and a system config-
uration through the use of an iterative process of definition, synthesis, analysis, design, test and
evaluation; (2) integrate related technical parameters and ensure compatibility of all related,
functional, and program interfaces in a manner that optimises the total system definition and
design; (3) integrate reliability, maintainability, safety, survivability, human and other such
factors into the total technical engineering effort to meet cost, schedule and technical perfor-
mance objectives [US Air Force, 1974]. Therefore, following a systems engineering approach
means to focus on the interdisciplinarity of the project in order to succeed in the realisation
of a successful, robust and trustworthy system.

According to this field, the National Aeronautics and Space Administration (NASA) has
defined a precise way of developing a system, and it has set a precise project life cycle, shown
in Figure 3.1, which indicates the categorisation of what has to be done to accomplish a
project. As can be noticed, every project is divided into two major phases, formulation and
implementation, in turn subdivided into project-level phases, separated by Key Decision
Points (KDP), which determine the readiness of the project [Larson et al., 2009, p.18][NASA,
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FIGURE 3.1: NASA project life cycle (Credits: NASA NPR 7123.1)

2007, p.19]. In this project, the entire formulation phase was fully elaborated: ideas and
alternatives for the concept were elaborated, the feasibility determined, the system-level re-
quirements derived, and a preliminary design for each product generated [NASA, 2007, p.7].

In particular, this Chapter deals with the preliminary tasks of the life cycle. Hence, it fo-
cuses on the definition of the need and the context of the project and the system to design.
It summarises the preliminary concept studies that brought to the choice of the selected
system and it presents the preliminary considerations on the concept and its top-level re-
quirements. These topics are discussed in Section 3.1. Then, the technical constraints and
the boundaries for the system to comply are presented in Section 3.2, so as to better identify
the guidelines that need to be followed and the operational context in which the designed
system will operate. From this analysis, the high-level technical system requirements are
derived in Section 3.3, considering the main aspects that characterise the project: miniatur-
isation and biosignatures detection, which drive the design of the Raman spectrometer.

3.1. NEED ANALYSIS
Recently, the exploration in icy environments has gained particular attention from the scien-
tific community as well as the space community. In fact, some features of ice were identified
as particularly interesting for biology research: ionic impurities result to be insoluble in ice
crystal structure and, when in contact with mineral surfaces, ice develops a nanometre-thick
film of unfrozen water. These reasons, along with the fact that water is an essential element
for life to arise, allow the scientists to believe that ice may have preserved habitats for life,
both on Earth and on those celestial bodies well-renowned by now to have surface or sub-
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surface water, such as Mars and the icy moons of Jupiter and Saturn [Price, 2007]. This inter-
est in the habitability of icy environments complies with the research topics of astrobiology,
whose aim is to study the present, past and/or future life in the whole Universe [Horneck
et al., 2016].

The astrobiology research has now gained so much attention that even in the context of
the EnEx initiative and IceMole development is now a priority task. Therefore, one of the
current objectives of the research project focuses on the chance of using a payload capable
of perform biological measurements, accomplishing the aim of detecting potential living or-
ganisms by their biosignatures. In the following statement, the drive of this whole project is
summarised considering both the current terrestrial and the future extraterrestrial applica-
tions of EnEx:

MISSION NEED There is a need to provide for biological measurements in terrestrial
applications, so as to detect potential living forms and it is necessary
to miniaturise the systems, with a view towards space applications.

This need underlines the major features of this project and its main goals, by using a pre-
cise set of words. Biological measurements reflect exactly the aspiration of the scientists of
detecting elements in the samples that can be linked to life. This aspect complies both with
a terrestrial application and with a space one. For the latter, the main experimental aspect of
the project is considered: miniaturisation complies with the current trend of reducing size
and, therefore, cost of the systems, so as to increase the availability of designing and launch-
ing space missions.

To fulfil these main goals, a preliminary study of concepts was carried out during a three-
months internship, in order to select the best solution to perform the required measure-
ments and to promise a miniaturised solution, applicable in space. Because of the con-
straints dictated by the EnEx initiative, the preliminary choice of concepts was made among
technologies that are suitable in performing biological measurements in situ. The choice
of performing measurements in situ is due to the fact that return to surface (or to Earth) is
not always, often never, possible. To select the best payload, a trade-off in terms of perfor-
mance, size, power and technology assessment was performed considering as options: a Gas
Chromatograph-Mass Spectrometer (GCMS), a Raman spectrometer, a fluorescence spec-
trometer, and an antibody microarray. Among these concepts, the Pugh matrix in Table 3.1

TABLE 3.1: Pugh matrix for the selection of the life detection instrument [Russano, 2017]

Criteria
Weighting

Factor
GCMS

Raman
Spectrometer

Fluorescence
Spectrometer

Antibody
Microarray

Performance 5 1 1 0 -1
Size 5 -1 1 1 1
Power 3 0 1 0 0
Technology
Assessment

2 1 0 0 0

Total 2 13 5 0
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shows that one option stands out as the best: a Raman spectrometer. A deep explanation
about this trade-off and the reasoning behind the filling of the matrix can be found in Rus-
sano [2017].

A Raman spectrometer is indeed able to recognise samples by measuring the inelastic
scattering of light, related to molecular vibrations. It allows to obtain both biological and
mineral measurements, requiring a minimum amount of sample for which little or no prepa-
ration is needed. It is a non-destructive technique and gives no problems in water measure-
ments [Tarcea et al., 2008]. A better insight on how Raman spectroscopy works is given later
in Chapter 4.

The amazing promises of this technology drove the aim of this project, that was indeed
the design of such an instrument, taking care of the IceMole probe uses and developments.
The following mission statement summarises this objective:

MISSION STATEMENT Designing a Raman spectrometer that is able to perform in
situ biological measurements and that fits on the miniaturised
version of the IceMole subsurface probe.

From this sentence, the main drivers of the project are set: from one side, the scientific
aspect is highlighted with in situ biological measurements; from the other, the expression
the miniaturised version of IceMole makes clear that the instrument has to comply with the
technical constraints dictated by the new design of the probe. As a consequence, the top-
level mission requirements were derived and they are shown in Table 3.2. Notice that for
each statement a rationale is presented, so as not to create capabilities, i.e. functional re-
quirements, that are not needed. Each requirement presents an Identifier (ID), so as to keep
traceability for later derivations, and it is associated to a standard Verification Method (VM),
that can be Demonstration (D), Testing (T), Inspection (I), Analysis (A) or the combination of
two or more. The aspects related to the VM are then elaborated in a preliminary verification
plan in Part III.

The requirements concern the main aspects of the system to design: first of all, they
underline the importance of performing in situ measurements that can provide significant
results in detecting potential biosignatures; then, they consider the integration into the new
generation of IceMole, which means that the instrument has to comply with the probe, its
operations and with the same requirements on autonomy and sterilisation. Notice that these
top-level requirements support the mission need presented above, emphasising what is par-
ticular relevant for the system to design and which are the main tasks to accomplish. How-
ever, they are not specific requirements, they only present the operational terms of the sys-
tems and are solution independent [Larson et al., 2009, pp.47-48].

3.2. TECHNICAL CONSTRAINTS
The design and the development of the system strongly depend on its operational context:
the EnEx initiative dictates the basis, so as the working principle and the new development
of the IceMole probe. Both EnEx and IceMole were deeply described during two different
literature studies (Russano [2016, 2017]) and presented in Chapter 2, therefore only the main
critical points necessary for the derivation of requirements are summarised hereafter.
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TABLE 3.2: Top-level mission requirements

Req. ID Requirement Rationale Reference VM

SYS-01 The system shall perform
measurements of the sam-
ple in situ

The operational context re-
quires the measurements to be
performed in situ because the
return of the sample to sur-
face (or Earth, in space appli-
cations) is not possible

Mission
statement;
Chapter 2

D

SYS-02 The system shall be able to
identify potential biosigna-
tures in the sample

Biosignatures are related to
potential living forms by defi-
nition

Mission
statement;
Horneck
et al. [2016];
Price [2007]

A,T

SYS-03 The system shall comply
with the miniaturised de-
sign of IceMole

The miniaturisation aspect is
important in order for the sys-
tem to be carried by the probe

Section 2.1 A,I

SYS-04 The system shall work in
terrestrial applications of
IceMole

EnEx initiative is still in the ter-
restrial application phase, so
there is no need to design the
system for space

Chapter 2 T

SYS-05 The system shall operate
autonomously

Autonomy is an essential as-
pect of exploration missions
because of long time delays in
command transmissions

Chapter 2 D

SYS-06 The system shall comply
with NRC Antarctica CoC
recommendation 7

EnEx operates in sites with
strict contamination regula-
tions

Chapter 2 T

The aim of the current EnEx project is to develop an autonomous steerable subsurface ice
probe to demonstrate autonomous navigation in deep ice [Konstantinidis et al., 2015b]. This
statement dictates the first constraints that the outcome of this project will face, the environ-
mental constraints. The operational context is deep ice, hence the system has to be able to
withstand particular conditions of pressure and temperature. Notice that in this case these
are terrestrial conditions, while they can change once the mission aim will be moved towards
space applications, in particular to Enceladus’ conditions. This is discussed later in Chap-
ter 10.

Another aspect concerning the environmental constraints is contamination: the sites in
which EnEx performs its testing are subjected to strict regulations of contamination, e.g. the
Blood Falls, in Antarctica, at the borders of Taylor Glacier, is preserved by the National Re-
source Council (NRC) CoC recommendation 7. This means for the system to comply with a
very high level of sterilisation, the same to which the whole probe is subjected to.

Then, the need of interfacing with the probe into which the system will be integrated im-
plies other constraints. The new current design of IceMole shown in Figure 2.4 is based on
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reducing its size in order to verify the applicability of the probe for space missions. It now
presents a cross sectional area of 80mm×80mm. This aspect results in the most challenging
constraint for the system to be designed: it is fundamental to consider the volumetric con-
straints deriving by the new design of the probe which in turn influence the performance
of the optical system. Few relatively new miniaturised concepts have been proposed for a
similar use, but the miniaturisation level required by the design of IceMole has not been
achieved before. However, these concepts can be used as guidelines to design the system,
since they already underlined the critical points to be faced, such as in Blacksberg et al.
[2016]; Courreges-Lacoste et al. [2007]; Edwards et al. [2012]; Rull et al. [2010, 2011]; Wang
et al. [2003].

The last important constraint that has to be taken into account is the power requirement:
currently, IceMole is powered by surface RTGs which transmit electrical power via a three-
conductor power cable. Therefore there is not a strict requirement linked to power. How-
ever, the miniaturisation of the concept requires that also power is reduced and this will be
achieved in the next steps of the development of the probe. Hence, also the payload must
comply with this decreasing of power demands and has to limit the amount of power re-
quired to operate.

3.3. TECHNICAL SYSTEM REQUIREMENTS
According to the operational scenario of the IceMole probe and its current design, the re-
quirements of the system to design can be derived. Considering the integration into the
probe, more specific system requirements can be derived. Figure 3.2 shows the path to ar-
rive at system requirements, starting from the mission need. Notice that the whole project
derives from a capability-driven approach, that is fitting on the new miniaturised generation
of IceMole probe, and not from a science-driven one.

Therefore, the fact that the Raman spectrometer has to be integrated into the probe im-
plies that the described constraints in Section 3.2 are to be taken into account. In this way,
the final system can be operational on the probe and during its applications. Table 3.3 shows
the technical requirements directly dependent on the constraints and they practically rep-
resent how the system to be designed will interface with the already existing IceMole. The

FIGURE 3.2: Derivation of requirements (adapted from Larson et al. [2009])
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TABLE 3.3: Technical requirements

Req.ID Requirement Rationale Reference VM

SYS-03-
IM-01

The system shall have
a size of less than
65 mm×65 mm×150 mm

The new design of IceMole
dictates constraints on vol-
ume

Table 3.2;
Section 3.2

A

SYS-03-
IM-02

The system shall weigh less
than 2 kg

The new design of IceMole
dictates constraints on mass.
The value is dictated by the
developing concept of Exo-
Mars Raman laser spectrome-
ter

Table 3.2;
Edwards
et al. [2012]

A

SYS-03-
IM-03

The system shall work at
24V DC

24V DC is IceMole power bus Table 3.2 A

SYS-03-
IM-04

The system shall consume
less than 5 W , when in
stand-by mode

IceMole has a limited amount
of power available

Table 3.2;
Section 3.2

A

SYS-04-
IM-01

The system shall operate
under atmospheric pressure

IceMole terrestrial operations
work at atmospheric pressure

Table 3.2;
Section 3.2

T

SYS-04-
IM-02

The system shall work in a
temperature range between
−15 and 15 ◦C

IceMole operates in icy envi-
ronments, but the surround-
ing water of the probe should
be at ∼ 0◦C, because it has
melted

Table 3.2;
Section 3.2

T

SYS-04-
IM-03

The system shall not be
space-qualified yet

IceMole is still in its terres-
trial development, therefore it
is not necessary to design a
system that is already space-
qualified

Table 3.2;
Chapter 2

SYS-05-
IM-01

The system shall communi-
cate through the same pro-
tocol of the probe

IceMole communicates with
surface through a cable and
same protocol means easier
ways to do that because there
is no need for translation of
data

Table 3.2 A,D

SYS-06-
IM-01

The system shall undergo
the same sterilisation pro-
cess as the probe

IceMole sterilisation process
has been already proved to be
successful

Table 3.2 T

parent requirements can be identified in SYS-03 and SYS-04 which consider the miniatur-
isation aspect and the operational constraints of the EnEx initiative. All the requirements
relates to the characteristics of IceMole: its volume, its mass, the power requirement, the en-
vironmental conditions (pressure and temperature), data communication and sterilisation
process. For this reason, they are identified with the acronym IM and they were derived in
accordance with the EnEx-nExT research group, who is working on the development of the
probe.
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RAMAN SPECTROSCOPY

Raman spectroscopy is a spectroscopic technique based on measuring the inelastic scatter-
ing of monochromatic light, that provides information about molecular vibration and rota-
tion and that allows sample identification and quantification. Hence, Raman spectroscopy
uses scattered light to gain knowledge about molecular vibration which can provide infor-
mation on quantitative and qualitative analysis of the individual compounds. It is in fact
a technique particularly used in chemical and biological applications because of the speci-
ficity of the relation between vibrations and chemical bonds of molecules [Kudelski, 2008;
Princeton Instruments, 2017].

The Raman effect has been named after Sir Chandrasekhara Venkata Raman, an Indian
Nobel-Prize-winner physicist who first reported this phenomenon in 1928. Studying the
scattering of light, Sir Raman and his student Kariamanickam Srinivasa Krishnan noticed
that there was energy exchange between the incident photon and the internal excitations
of the scattering medium, corresponding to the partial exchange of energy into atomic vi-
brations of molecules. This is related to the inelastic nature of this phenomenon, for which
the light is scattered with higher or lower frequency with respect to the incident beam [Adar,
2001; Das and Agrawal, 2011; Raman and Krishnan, 1928].

The development of this technique however did not followed a precise and solid path
along the years, but it was tied to the availability and the innovation of the instrumentation.
In fact, the progress was very slow mainly because of the weakness of the Raman signal it-
self: every 106−108 photons scattered, only one is Raman scattered. With the introduction of
more sensitive and advanced components, Raman spectroscopy has gained more and more
attention from the scientific community: for instance, the introduction of the laser as exci-
tation source particularly enhances the magnitude of the phenomenon, as well as the use
of Charged-Coupled Device (CCD) improves the detection and the new Rayleigh rejection
filters helps in reducing the light background effects. Moreover, most of the components
have been miniaturised so that they can now be used in portable hand-held systems, which
promise a potential application in space [Adar, 2001; Kudelski, 2008].

Raman spectroscopy is a complementary method to mid-InfraRed (IR) spectroscopy:
both the techniques are based on vibrational spectroscopy so as to provide information on
the molecular structure. Together, the spectra obtained from these techniques give a com-

19
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plete overview of the composition of the sample. Anyway, Raman presents few advantages
with respect to IR spectroscopy: little or no sample preparation is required; optical fibres can
be used; water is not a weak Raman scatter as for the IR domain; and the Raman spectra are
"cleaner" as their bands are narrower [Larkin, 2011, pp.1-5] [Serdyuk et al., 2007, pp.573-599].

Hence, Raman spectroscopy results to be a very promising tool at the moment: it al-
lows to determine complete chemical composition for any inorganic, organic and biological
compounds as well as to identify the principal mineral phases; it has a good performance
in water domains and it requires little or no sample preparation at all. It is a powerful non-
destructive technique that allows to analyse solid, liquid or gaseous samples [Tarcea et al.,
2007, 2008]. These reasons are at the basis of the selection of the Raman spectrometer as
topic of this work.

Section 4.1 introduces the physical and mathematical aspects behind the phenomenon
of Raman scattering, deriving the relationships that tie the main parameters of Raman spec-
troscopy and trying to obtain an equation for the intensity of the phenomenon. After that,
Section 4.2 shows the equations for deriving the signal of the instrument according to the in-
tensity of the spectrum and the geometrical factors concerning the optics. Moreover, a deep
discussion concerning the Signal-to-Noise Ratio (SNR) is presented, so as to obtain the best
performance for the instrument. Then, the major components of a Raman spectrometer are
presented in Section 4.3, with a view to understanding how each of them affects the per-
formance. Finally, the methods to enhance the weakness of the Raman effect are described
in Section 4.4, among which Resonance Raman Spectroscopy (RRS) and Surface-Enhanced
Raman Spectroscopy (SERS) are shown as the best.

4.1. THEORY
During the interaction of light with matter, the photons can be absorbed or scattered, or they
can not interact at all with the matter and pass it through. What happens depends on energy
characteristics of the incident photons, which is described by

E = hν0 (4.1)

where h is Planck’s constant, equal to 6.62607004×10−34 J s [NIST, 2017] and ν0 is the inci-
dent frequency. If this energy equals the energy gap between the ground state of a molecule
and one of its excite states, the photon may be absorbed and the molecule promoted to the
higher energy state. On the other hand, if that does not happen, the photon can be scattered
without the need for its energy to match with the energy gap [Smith and Dent, 2013, pp.1-7].

Figure 4.1 shows how the scattering can happen: the dominant process is what is called
Rayleigh scattering, when the photons are scattered with small changes or no changes at
all from the monochromatic incident scattering ν0. This is an elastic scattering. If instead
the process is inelastic, the energy of the scattered photons is different from the incident one,
higher or lower, and the effect is called Raman scattering, which has a much weaker intensity
with respect to the first scattering [Smith and Dent, 2013, pp.1-7].

Theoretically speaking, scattering of light is based on the molecular deformations due to
the polarisation induced by the oscillating electric field of the incoming light. The induced
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FIGURE 4.1: Energy transitions for Rayleigh and Raman scattering

dipole radiates back the scattered light, with or without exchanging energy with vibrations
in the molecule [McCreery, 2000, p.15]. As stated by McCreery [2000, p.15], the induced

polarisation
−→
P scales with polarisability α and the incident electric field

−→
E as

−→
P =α−→E (4.2)

The above Equation (4.2) is well represented by Figure 4.2, in which the scattering is only
shown in 90◦ and ∼ 180◦ directions, but it can actually be in various directions. However, the
oscillating nature of light is underlined, because the incident optical electric field is indeed
governed by

E = E0 cos(2πν0t ) (4.3)

On the other hand, the polarisability α of Equation (4.2) is a tensor dependent on the
molecular vibrations. The latter are considered to be composed of normal modes Q j , of
which there are 3n−6 in a molecule with n atoms (or 3n−5 for linear molecules) [McCreery,
2000, p.15].

Q j =Q0
j cos(2πν j t ) (4.4)

Once the normal modes are defined as in Equation (4.4), the polarisability can be ex-
pressed as a Taylor series in [Vandenabeele, 2013, p.3]

α=α0 +
∑

j

(
∂α

∂Q j

)
Q j + 1

2

∑
j ,k

(
∂2α

∂Q j∂Qk

)
Q j Qk + ... (4.5)

In a first approximation, only the first two terms in this Equation can be considered. As
result of Equations (4.3) and (4.5) and considering that cos a cosb = [cos(a+b)+cos(a−b)]/2,
Equation (4.2) can be manipulated as [McCreery, 2000, p.16]

P =α0E0 cos(2πν0t )+E j Q0
j

(
∂α

∂Q j

)
cos(2π(ν0 +ν j )t )+cos(2π(ν0 −ν j )t )

2
(4.6)
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FIGURE 4.2: Polarisation induced in a molecule’s electron cloud by an incident optical electric

field
−→
E . Scattering is shown in 90 and ∼ 180◦ direction [McCreery, 2000, p.16]

As claimed by McCreery [2000, p.16], Equation (4.6) demonstrates that light is scattered
at three different frequencies. The first term of the relation corresponds to the Rayleigh scat-
tering, at the same frequency of the incident light and with a magnitude proportional to α0,
the inherent polarisability of the molecule. The second term is the anti-Stokes Raman scat-
tering, which occurs at ν0 +ν j , while the last term is the Stokes Raman scattering at ν0 −ν j .
Indeed, this is what is shown in Figure 4.1.

What is important to notice is that both polarisation and scattering, no matter if elas-
tic or not, are strongly dependent on the intensity of the excitation source, usually a laser.
Moreover, Raman scattering is yielded only by vibrations that change the polarisability (i.e.
the derivative in Equation (4.6) is different from 0). But most importantly, Raman shifts can
be both positive and negative [McCreery, 2000, pp.16-17].

RAMAN INTENSITY

It is important to keep in mind that Raman scattering is a very weak effect, it has ∼ 10−6 times
the intensity of Rayleigh scattering. In fact, the derivative ∂α/∂Q j is generally much smaller
than α0. Therefore, the Raman intensity, expressed in W, can be computed from [McCreery,
2000, p.18]

IR =µ(ν0 ±ν j )4α2
j Q2

j (4.7)

where µ is a constant. As can be noted, the intensity is strictly related to the frequency of
Raman scattering to the fourth power, which in turn depends on the excitation frequency.
Equation (4.7) can also be written in terms of wavenumbers, which are expressed in cm−1

and are equal to ν̄ = ν/c = λ−1, where c is the light velocity in vacuum (c = 299792458m/s
[NIST, 2017]). As so, the relation becomes [McCreery, 2000, p.18]

IR =µ′(ν̄0 ± ν̄ j )4α2
j Q2

j (4.8)

where µ′ comprises the factor c4.
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However, usually the most important parameter in the description of Raman intensity
is the scattering cross section σ j , which is empirically determined. This parameter depends
proportionally on the probability of a photon to be Raman scattered with a particular Raman
shift. The definition of Raman intensity is then expressed as [McCreery, 2000, p.20]

IR = I0σ j D d z (4.9)

in which I0 is the laser intensity, D is the number density of scatters (molecules/cm3) and d z
is the path length of the laser in the sample, or the spectrometer depth of field. Confronting
this last Equation (4.9) and Equation (4.7), σ j is comparable and related to the frequency.
This parameter is usually determined by quantitatively comparing the Raman signal for an
unknown to that for a standard with known cross section, which is listed [McCreery, 2000,
p.20].

Anyway, σ j is often intended as the integrated cross section whose integration is over all
directions of the sample and over the wavelength range of an entire Raman band. Therefore,
in practice, a differential Raman cross section β, expressed in cm2molecule−1sr−1, has been
identified in [McCreery, 2000, p.22]

β= dσ j

dΩ
(4.10)

where Ω represents the solid angle of collection. This parameter is a strong function of the
angle of observation and the polarisation.

Another way to interpret Raman intensity is in photons/s. In this case, Equation (4.9) can
be rewritten as [McCreery, 2000, p.21]

PR = P0σ
′
j D d z (4.11)

in which σ′
j is indicated differently because it has a slightly different dependency from the

frequency thanσ j . Considering Equation (4.10), Raman intensity can be restated in terms of
β too, as [McCreery, 2000, p.30]

PR = P0βD d z (4.12)

where PR is now the Raman scattering in a steradian of collection solid angle, rather than
the total scattering in all directions. However, the incident laser light is usually expressed in
terms of power density PD (in photons/cm2s), so that the last relation becomes [McCreery,
2000, p.30]

PR = PDβDd z (4.13)

The last important parameter in the description of the intensity of Raman scattering is
the specific intensity, often referred to as radiance [McCreery, 2000, p.30]:

L = PDβDK (4.14)

with K denoting a geometrical factor tied to the observation geometry. The specific intensity
mainly depends on the sample with β and D and on the laser with PD , but not on spectrom-
eter parameters.
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4.2. PERFORMANCE
Equation (4.13) allows to predict the overall Raman scattering intensity, considering the de-
pendency on the sample and on the laser source. However, to be analysed, the scattering
magnitude needs to be translated into a usable Raman signal, through [McCreery, 2000, p.35]

Sa = LaC ts (4.15)

This relation reduces the discussion to a single Raman shift or a single analyte: Sa is the
signal due to the analyte of interested, La is the radiance for a specific Raman band of a
particular analyte, C is a collection optics function in cm2sre−photons−1 and ts is the single-
channel sampling time. It is important to underline that the specific intensity is a function
of the sample and laser power, while C depends on collection and detection characteristics,
and it can be expressed as [McCreery, 2000, p.37]

C = ADΩD Tη (4.16)

where η is the quantum efficiency of the instrument, i.e. the fraction of photons reaching
the detector; AD is the sample area monitored by the spectrometer and collection optics,
which is usually determined by a limiting aperture in the spectrometer;ΩD is the solid angle
collected by the spectrometer and transmitted into the wavelength analyser, which is defined
as

ΩD = π

4( f#)2
D

(4.17)

in which f# is the aperture ratio or f-number of the optics. Finally, T is the transmittance,
equal to the fraction of light within AD andΩD monitored by the spectrometer that reaches
the detector. It consists both of the transmission of the optics and the transmission within
the spectrometer itself [McCreery, 2000, p.37]. Now that all parameters have been defined,
Equation (4.15) can be manipulated by substituting in it Equations (4.14) and (4.16), to ob-
tain [McCreery, 2000, p.40]

S = (PDβDK )(ADΩD Tη)ts (4.18)

Figure 4.3 summarises this discussion, presenting a schematic of the collection variables de-
fined above.

Because Raman scattering is a very weak effect, as explained in Section 4.1, there are
some interferences and side-effects that need to be watched out when designing a Raman
spectrometer. They can be found deeply described in Vandenabeele [2013, pp.39-45]. First
of all, absorption must be avoided. The absorbed particles are released by radiationless tran-
sition to heat, that is transferred to the environment. Absorption reduces the intensity of
Raman scattered radiation, because the number of incident photons decreases. Another
parameter that must be carefully handled is the intensity of the laser beam. In fact, it is true
that the Raman signal is proportional to it, but actually if the input energy in the system is too
high, that might occur in some destructive effects, such as heating, photo-decomposition or
laser ablation of the sample. However, the most severe interference with Raman signal is
due to fluorescence. This effect occurs when the molecule is excited to a certain electronic
state and then decays to a lower energy level and to the ground electronic state, while emit-
ting radiation. Methods to avoid fluorescence are the selection of the excitation wavelength,
using longer values, or the use of post-processing mathematical tools [Vandenabeele, 2013,
pp.39-45]. Last big problem encountered by Raman spectroscopy is due to the presence of
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FIGURE 4.3: Schematic of collection variables [McCreery, 2000, p.36]

ambient light or background radiation. They cannot be avoided in all measurements and
they negatively influence the noise signal.

SIGNAL-TO-NOISE IN RAMAN SPECTROSCOPY
Every spectroscopic technique is limited in extracting analytical information by the noise.
With this term, all possible detected signals that do not contain relevant information are in-
tended [Vandenabeele, 2013, p.95]. All those effects that are to be avoided can be considered
noise, such as fluorescence, spikes or background radiation.

The parameter that characterises the noise is the Signal-to-Noise Ratio (SNR), for which
the efforts to increase it are always huge. The SNR for a particular measurement is rigorously
defined as the inverse of the relative standard deviation of the measured value [McCreery,
2000, p.49]

SNR = S̄

σy
(4.19)

where S̄ is the average peak height and σy is its standard deviation. Because of statistical na-
ture of Equation (4.19), the most accurate determination of the SNR is by acquiring several
repetitions of the spectrum. Otherwise, another valid solution is to subtract two successive
spectra so as to eliminate the inputs of the Raman band and background, and derive in this
way only the noise value [McCreery, 2000, p.50].

Therefore, considering that the value for S was already derived in Equation (4.18), an
estimate for σy is now needed. The total noise contains contributions of different factors
such in [McCreery, 2000, p.52]

σy =
√
σ2

S +σ2
B +σ2

D +σ2
F +σ2

r (4.20)

where σS is the standard deviation of the signal, σB is the standard deviation of the back-
ground, σD is the standard deviation of the dark signal, σF is the flicker noise and σR is the
readout noise.
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If no other noise sources exist, the standard deviation of S is derived by laws of statistics
and it is defined as shot noise limit, which means that the standard deviation when counting
any random event equals the square root of the number of events counted [McCreery, 2000,
p.53]

σS =
p

S (4.21)

Background is a general term used to refer to those detected photons that arise from
the laser and sample and that are different from the Raman photons at the frequency of in-
terest. In particular, background includes luminescence of cell, sample or optics and stray
light, including fluorescence, thermal emission, Rayleigh scattering, and reflection [Blacks-
berg et al., 2016][McCreery, 2000, p.54]. Background magnitude can be expressed in similar
terms to the signal, as [McCreery, 2000, p.54]

B = PDβB DB K ADΩTηtS (4.22)

where the subscript B indicates sample components generating background. Because of this
relation, background is governed by shot noise as well:

σB =
p

B (4.23)

The dark signal φD is the rate of spontaneous generation of electrons in the detector,
caused mainly by thermal effects. Therefore, the electrons generated by this process are
counted as [McCreery, 2000, p.56]

σD =√
φD t (4.24)

Flicker noise is usually related to absorption or emission spectroscopy but it also applies
to Raman, in case the variation in laser intensity causes proportional variation in Raman
scattering and in the measured signal [McCreery, 2000, p.56].

Finally, readout noise depends on the process of converting electrons from the detector
to a useful form, such as a digital value stored in a computer. It is intended as a standard
deviation of a large number of readouts from a constant detector signal, even if it is not pro-
portional to the measurement time [McCreery, 2000, p.57][Vandenabeele, 2013, p.99].

By substituting Equations (4.21), (4.23) and (4.24) in Equations (4.20) and (4.19), the final
definition of the SNR can be obtained [McCreery, 2000, p.52]

SNR = S√
S +B +φD t +σ2

F +σ2
R

(4.25)

Obviously, if one of more contributions to the total noise are very big compared to the
others, then these can be neglected and the noise is said to be limited.

4.3. INSTRUMENTATION
Instrumentation played a fundamental role in the development of Raman spectroscopy tech-
nique. In fact, its current promising employ in organic and inorganic measurements is mainly
due to the development of its components such as [Slater et al., 2001]:

• The commercialisation and acceptance of Rayleigh rejection filters as effective replace-
ments for zero-dispersion double monochromators
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FIGURE 4.4: General diagram of a Raman spectrometer. 1 and 2 are the optics respectively to
focus the laser and collect the scattered radiation [Vandenabeele, 2013, p.62]

• The availability of compact lasers
• The advent of the CCD detectors
• A refinement in sampling optics and devices
• The availability of powerful personal computers with associated software

Generally, a Raman spectrometer presents a configuration similar to the one in Figure 4.4,
but components can change according to the tasks and options to achieve a defined require-
ment. A light source, usually a laser, excites a sample through a collimated beam, by means
of the use of focusing optics (1 in the Figure). The excited scattered photons are collected by
optics (2 in the Figure, this time) and transmitted to the spectrometer, where dispersion, i.e.
separation of wavelengths, and detection happen [Vandenabeele, 2013, p.62].

According to the employed dispersive method, the market of Raman spectrometers dis-
tinguishes between two important types: dispersive/CCD Raman spectrometers, which rely
on a dispersive grating for separation of light, and Fourier-transform (FT) Raman spectrome-
ters, which instead use a Michelson interferometer. The main advantages and disadvantages
of the two types of instruments are summarised in Table 4.1 [McCreery, 2000, p.79].

To fully understand the entries of this Table, all the components are analysed in the fol-

TABLE 4.1: Comparison of spectrometer types [McCreery, 2000, p.79]

Advantages Disadvantages

Dispersive/CCD

• Sensitive • Resolution varies across spectrum
• Higher SNR • More fluorescence
• Laser λ = 200− 800nm (lim-
ited by response CCD)

• Spectral coverage/resolution trade-
off

• Low laser power
• (Usually) No moving parts

FT-Raman

• Excellent frequency precision • Lower SNR
• Higher AΩ • Often high laser power
• Laser λ≥ 1064nm • Full spectral coverage with constant

resolution
• Better fluorescence avoidance
• Good libraries
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lowing Subsections, with a view to understand how each of them influences the performance
of the system and how they developed during the years. The components are presented in
the same order through which the excitation light first and the scattered light then encounter
them: so laser, filter, dispersive system and detector.

4.3.1. LASER
LASER originally stands for Light Amplification through Stimulated Emission of Radiation
and it is an intense source of monochromatic light that has been introduced in Raman spec-
troscopy since the 1960s. The main characteristic of lasers is that they are very intense co-
herent light sources, which allow to obtained a narrow, collimated beam to direct to the sam-
ple [Vandenabeele, 2013, pp.61-100]. A laser consists of a gain medium, i.e. a material that
amplify light by stimulated emission; a mechanism to energise it, which is called optical or
electrical pumping of the laser according to the way used; and something to provide op-
tical feedback. Its performance is based on amplification of the signal through stimulated
emission, which has as result that all particles emit electromagnetic radiation, whereby an
intense, coherent laser beam is formed [Siegman, 1986, p.2].

Different lasers exist on the market, according to their specific optical characteristics and
the desired power and wavelength. The main requirements that a laser used as excitation
source for Raman spectroscopy has to satisfy are [Vandenabeele, 2013, pp.61-100]:

• Frequency stability
• Narrow bandwidth
• Low divergence

4.3.2. FILTER
As resulting from Equation (4.6), the main requirement for Raman systems is to filtering out
the radiation at the laser wavelength, so as to detect only the Raman shifts. The filter not only
needs to reject the Rayleigh scattering, but it also has to reject the reflected laser radiation.
This is fundamental because otherwise the Rayleigh scattering would be about 8 or more
orders of magnitude more intense. There are two main categories of filters used in Raman
spectroscopy [Slater et al., 2001]:

• Edge filters (long-pass or low-pass filters), which generally block all wavelengths above
or below a certain threshold

• Notch filters (also called band-block filters), which differ from the first ones because
they block a range of wavelengths and information are seen at low and high frequency.
They are really small and efficient and they allow to reduce the size of the instru-
ments [Smith and Dent, 2013, p.26].

According to their working principle, filters can be also classified as dielectric, holo-
graphic and absorption filters. The first type can be used both for edge and notch filters,
they are based on the principle that the optical transmission functions can vary according
to thickness, order and refractive index of dielectric coatings. They rely on interference. The
holographic filters instead consist of two glass plates and a gelatine-based material in be-
tween, in which a standing wave pattern is generated. They generally have a superior per-
formance in Optical Density (OD), i.e. how well the filter rejects a certain wavelength range,
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but, however, they rapidly degrades. On the other hand, the absorption filters in the classical
configuration of colour filters are generally too gradual, so much of the Raman spectrum can
be lost [McCreery, 2000, pp.170-178][Vandenabeele, 2013, pp.61-100].

Besides these technologies, other filtering approaches were used in Raman spectroscopy
before the advent of these usable filters: for instance, an early approach for creating a notch
filter was implemented in the triple monochromator, which is able to attenuate the laser
wavelength by a factor up to 1010 and allows to detect signal with very small Raman shift.

4.3.3. DISPERSION SYSTEM
The dispersion system is probably the main component of a Raman spectrometer, or at least
the one that plays the major role. In fact, as spectrometer, the instrument has to be able to
disperse the light, in function of the wavelength.

The classification of spectrometer types depends on the dispersion element or approach
used. The dispersion can happen either as a function of space, for dispersive/CCD Raman
spectrometers, or as a function of time, in FT-Raman spectrometers. Usually, the elements
that are employed are prisms, gratings or interference of split components. Prisms are not
suitable for miniaturisation, therefore they are be treated in this project; on the other hand,
gratings characterise dispersive Raman spectrometer, while interferometers are used in FT-
Raman spectroscopy [Vandenabeele, 2013, pp.61-100][Wolffenbuttel, 2005].

A diffraction grating is a linear repetition of elements, that can be reflecting or transmit-
ting. Reflection types have a series of small steps or grooved mirror elements, whose distance
is comparable to the wavelength of the light to be dispersed. The output reflection construc-
tively interferes at different angles for each wavelength, creating the spectrum. Transmis-
sion types have a similar principle, except that they have a surface relief that produces a
stepped-phase discontinuity in transmission through a medium of higher reflective index,
as opposed to a reflective-phase discontinuity. Gratings have particular advantages: they
have a broad wavelength range and the ability to scan. However, they are very sensitive to
contamination and suffer from "dropouts", i.e. large changes in diffraction efficiency [Slater
et al., 2001]. The typical configuration of a spectrograph using a grating as dispersive element
is shown in Figure 4.5a. The simplest configuration is called Czerny-Turner configuration. It
lets light pass through a narrow entrance slit and then convert it into a parallel beam by a
collimating lens or mirror. The dispersion occurs at the grating and the resulting spectrum
is projected on the exit slit using a focusing lens or mirror [Wolffenbuttel, 2005]. This config-
uration allows simplicity and wavelength flexibility, but it also presents some disadvantages
such in the imagining performance, therefore it has been implemented in new elaborated
variants [Slater et al., 2001].

On the other hand, an interference-based spectrometer involves splitting of the incident
light beam into two parts which interfere with each other. The two beams have a well-
defined difference in length, whose variation in time allows to scan a defined part of the
spectrum. According to this value, constructive or destructive interference occurs and the
detector registers a signal or not, respectively [Wolffenbuttel, 2005]. A FT-Raman spectrom-
eter usually relies on a Michelson interferometer, shown in Figure 4.5b. This set-up consists
of a beamsplitter and two mirrors, so as two optical paths are defined. One of the mirrors is
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(A) Schematic of a grating-based spectrograph (B) Principle of Michelson interferometer-based spec-
trometer

FIGURE 4.5: Schematics of dispersive systems [Wolffenbuttel, 2005]

fixed, the other can be translated during the experiment. Light beams with different wave-
lengths are sent to the interferometer, and each of these generates its own pattern, which are
superimposed and detected by the detector. Multiple scans are usually recorded one after
the other and added together, so as to increase the quality of the detection [Vandenabeele,
2013, pp.61-100][Wolffenbuttel, 2005].

4.3.4. DETECTOR
Because of the weakness of the Raman effect, it is fundamental to select a detector that is
very sensitive and low-noise. The main parameters for the choice of the best detectors in
Raman applications are therefore listed [McCreery, 2000, pp.179-202][Vandenabeele, 2013,
pp.61-100]:

• Quantum efficiency η, the probability that a photon that impinges onto the detector
generates a measurable signal

• Response curve, the graph showing η in function of the wavelength (or the Raman
shift)

• The number of channels NC , which is usually the number of signals that can be mea-
sured independently from each other (for a CCD it is the number of pixels along the
wavenumber axis)

• The dark signal φD , defined as the average generation of electrons when the detector
is not exposed to light

• The dark noise σD and the readout noise σR

Ideally, a detector should operate in a shot-noise-limited regime, with long integration
times that yield to a good SNR. It should have a high quantum efficiency, a large number
of closely spaced elements, wide dynamic range (i.e. the difference between the maximum
and minimum detectable signal levels), and wide wavelength range, which depends on the
excitation laser used and on the location of the bands of interest [Slater et al., 2001].

According to the number of channels, detectors are distinguished in single-channel and
multichannel detectors.
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Single-Channel Detectors. Historically, they were the first ones to be used: they have a
high sensitivity but they suffer from a very high background signal. However, the main dis-
advantage is that it is possible to measure only a single wavelength, so that the complete
spectrum needs to be achieved with repetitively time-consuming measurements [Vanden-
abeele, 2013, pp.61-100].

The first modern electronic detector available for Raman spectrometer was the
PhotoMultiplier Tube (PMT). In general, a PMT works in this way: the photon collides with
a photocathode, which is a metal surface with a low work function for photoelectron gener-
ation. If the energy of the photon exceeds the work function, a photoelectron is generated
with a probability equal to η, which now can be defined as the fraction of photons that create
photoelectrons and results in a signal. The ejected electron is then accelerated and ampli-
fied as in a conventional PMT, until a pulse of several thousand electrons strikes the anode,
and the pulse is detected by a pulse height discriminator [McCreery, 2000, p.181]. The major
drawbacks of the PMTs are the long time required to measure a whole spectrum, the reduc-
tion of the wavelength response, the susceptibility to damage the photocathode, the high-
voltage requirement of the device and the photon-counting electronics, the need of cooling
to reduce the dark noise originating in the photocathode, and the fragile nature of the device
itself [Slater et al., 2001]. For all these reasons, PMTs are now rarely used, leaving the place
to multichannel detectors.

Multichannel Detectors. Multichannel detectors are based on linear arrays of single-
channel detectors. Each part of the spectrum is projected along the linear axis of the detector
and hence each channel corresponds to a particular wavelength or wavenumber, allowing to
obtain the complete spectrum at once [Vandenabeele, 2013, pp.61-100].

The ultimate multichannel detector is a CCD, which consists of a 2-Dimensional (2D)
array of light-sensitive elements: the spectrum projected along one of the dimensions of the
CCD is combined with the pixels of the other direction. These devices are silicon-fabricated
technologies that gained their potential in the 1990s. A CCD architecture has usually three
functions: photon detection and charge collection, charge transfer, and conversion of charge
into a measurable voltage, then digitised and transferred to the control computer. In fact, the
signal is read out by sequentially changing the voltage level of the electrodes for each row of
wells on the detector. This causes the electrons from one row of wells to shift into an adja-
cent row, and so on [Adar, 2001][McCreery, 2000, pp.179-202].

The main advantages presented by CCDs are [Slater et al., 2001]:

• The ability to measure many wavelengths at once
• The large wavelength range (400−1000nm)
• The large dynamic range
• The high quantum efficiency
• The ability to store and move charge
• Low read noise and low dark noise, when cooled
• The long durability when exposed to intense radiation
• The robust packaging and long detector life

For all these reasons, CCDs are now the first choice as detectors in dispersive Raman
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spectroscopy.

When instead a FT-Raman spectrometer is used, the preferred detector is a semi-
conductor detector, with a small band gap, often in indium gallium arsenide (InGaAs), which
allows to decrease the fluorescence when IR excitation is used.

4.4. ENHANCEMENTS
As Raman effect has demonstrated to be a very weak effect, but a powerful tool for many ap-
plications, some advanced techniques have been improved to obtain a better performance.
These methods assure a better use of the technique, but above all they have allowed to Ra-
man spectroscopy to become more and more a trustworthy technology over the years and
to be employed in all kinds of applications, from biology to mineralogy, from medicine to art.

Although there are several outstanding techniques that aim to enhance the basic per-
formance of Raman spectroscopy, two among them stand out for their wide use nowadays:
Resonance Raman Spectroscopy (RRS) and Surface-Enhanced Raman Spectroscopy (SERS).

Resonance Raman Spectroscopy (RRS). RRS rises up on the fact that if the frequency of
the excitation radiation is tuned to one of the absorption bands of the analyte, the response
of the Raman spectrum increases significantly. In fact, this allows the laser beam vibration
to match with the energy of an electronic transition. The achieved enhancement reaches the
order of 106: in this way, even with very low concentration of the analytes, they can be de-
tected by the RRS [Das and Agrawal, 2011; Kudelski, 2008][Smith and Dent, 2013, pp.93-112].

It is widely exploited above all in the analysis of chromophoric biological samples. How-
ever, although it is very sensitive, RRS is a very selective technique because it is enhanced
only for the particular frequency of the excitation radiation, that however it is currently avail-
able in a wide range of the light spectrum. In particular, RRS is employed in bioanalytical
analysis, for example for the detection of nucleic acids, proteins and their interactions with
drugs. [Efremov et al., 2008; Kudelski, 2008].

However, the fact that the laser wavelength is selected to be close to the absorption band
of an analyte implies that the light is absorbed and sample damage can occur: therefore, in
order to minimise this drawback, usually a sampling method in which the sample does not
stand in the laser light but only passes through is employed [Smith and Dent, 2013, pp.93-
112].

Surface-Enhanced Raman Spectroscopy (SERS). On the other hand, SERS aims at increas-
ing the Raman cross-section σ j , by achieving an enhancement up to 106. To do so, rough-
ened surface metal materials on which the sample is adsorbed (i.e. adsorption is the ex-
change of molecules between two materials, which is a kind of adhesive or gluing effect,
according to the different nature of molecules) are used to enhance the electric field. These
substrates are usually metal-coated alumina nano-particles, not expensive, that can improve
the stability of the measurements [Das and Agrawal, 2011; Kudelski, 2008; Smith, 2008].

The working principle is the following: the metal surface interacts with the incident light
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and some photons can even be directly adsorbed by the metal; then the Raman scattering
energy is mainly located where the interaction happens; the effectiveness is achieved by the
lying of the molecules on the surface where a strong field gradient is created and allows to in-
crease the polarisability; then the energy is scattered from the nano-scale roughness features
on the metallic surface [Smith, 2008][Vandenabeele, 2013, pp.47-60]. Therefore, two are the
main factors that increase the intensity of the Raman scattering: first, the electromagnetic
enhancement created by the roughness of the metal surface and second, the chemical en-
hancement due to the molecules being adsorbed by the surface [Das and Agrawal, 2011].

SERS is very sensitive above all in the recognition of molecules in aqueous environments.
Unfortunately, this high performance is difficult in being realised in practice, because of the
several chemical processes, such as oxidation, that can occur with metals that diminish the
enhancement and of the difficulties in preparing the substrates. Moreover, the interpreta-
tion of the collected spectra is not easy. Therefore, SERS is also used in combination with
RRS, in what is called Surface-Enhanced Resonance Raman Spectroscopy (SERRS). In such
a method, the enhancement is even higher, up to 1014, and not only a metallic substrate is
used but also the resonance is achieved by tuning the excitation wavelength in resonance
with the analyte [Efremov et al., 2008; Smith, 2008][Smith and Dent, 2013, pp.113-135].
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5
PAYLOAD PARAMETERS

The design of an optical system includes several steps that need to be considered, as stated
by Fischer et al. [2008, pp.167-178]. This process can be summarised as:

1. Obtain and review all the optical specifications
2. Select a starting point, that is supposed to be able to meet the above specifications
3. Establish the variables and the constraints to change during the design process
4. Set the error function in order to determine the best behaviour during change of vari-

ables
5. Optimise
6. Evaluate the performance according to acceptance criteria
7. Repeat the steps from 3 to 6 until the desired performance is not met
8. Perform a tolerance analysis
9. Actually start the manufacturing process and obtain the components

10. Assembly the components

As can be seen, the whole design process is an iterative process, which aims at obtain-
ing the required specifications and performance, changing the parameters and optimise the
whole.

The aim of this Chapter is indeed to define the specifications for the Raman spectrom-
eter. Section 5.1 identifies and discusses the main parameters in Raman spectroscopy with
the objective to select the best solutions for this project. Then, Section 5.2 presents a meeting
with experts at DLR in Berlin, during which a System Requirements Review (SRR) was simu-
lated and the final specifications for the instruments were derived as payload requirements,
according to the mission need.

5.1. OPTICAL KEY PARAMETERS
As optical instrument, Chapter 4 showed how the performance of a Raman spectrometer is
dictated by some particular parameters. According to McCreery [2000, p.75], the principal
criteria to be considered for the selection of the type of instrument are the following:

1. Laser wavelength and power, which relate to fluorescence background, the detection
limit, and the electrical and cooling requirements;

35
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FIGURE 5.1: Electromagnetic spectrum

2. Dispersive or non-dispersive analyser, tied to spectral coverage and resolution, and
sensitivity, whose advantages and disadvantages were already presented in Table 4.1;

3. Sampling mode, which depends on sample chemical phase, testing environment and
required autonomy;

4. Data analysis, which relates to quantitative and qualitative analysis;
5. Capital and operational costs, which not only include costs for the components, but

also for installation, maintainability and operations.

The choice of the laser wavelength usually depends on three main factors: Raman cross
section, detector sensitivity and background scattering from the sample. σ j usually de-
creases with increasing of laser wavelength as shown by Equation (4.9), therefore, except
in the case where resonance is required, a shorter wavelength increases the cross section
and the sensitivity. In fact, it is also known that Raman intensity is inversely proportional to
the fourth power of the wavelength as identified in Equation (4.7). Moreover, shorter wave-
lengths are detected with higher quantum efficiency and less noise, but they also present a
huge drawbacks on fluorescence background. In terms of SNR, it is important to maximise
the ratio according to Equation (4.25) by choosing the wavelength that allows to obtain the
largest signal S while minimising the factor (σ2

B +σ2
D ) [McCreery, 2000, pp.76-77]. In general,

the assumptions in Table 5.1 can be made for shorter and longer wavelengths.

Figure 5.1 shows the electromagnetic spectrum, where the classification of radiation, ac-
cording to the wavelength range, is presented. Considering the characteristics of short and
long wavelengths for their use in Raman spectroscopy, usually a relative shorter wavelength
is chosen, but with attention of not to increase the background fluorescence [Bisson and
Whitten, 2015].

The most common wavelengths used for Raman spectroscopy are in the green domain
(532nm), in the UltraViolet (UV) spectrum (< 350nm) and in the near-IR spectrum (785nm
or 1024nm). UV excitation is probably the best choice when the objective is to detect biosig-
natures, because it exhibits a large resonance effect with these molecules, but it is not suit-
able in the case of mineralogy studies. However, the measurements with UV excitation sources
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TABLE 5.1: Assumptions on laser wavelength [McCreery, 2000, p.76]

Shorter wavelength Longer wavelength

Larger cross section Smaller cross section
Lower detection noise
Dispersive spectrometer Non-dispersive spectrometer
Higher background Lower background
Often background shot noise limited Generally detector noise limited
Generally higher SNR Lower SNR requires higher laser power

are one shot measurements, because with this wavelength excitation, the biosignatures are
destroyed. Moreover, it gives a higher chance of fluorescence [Blacksberg et al., 2016]. Any-
way, in the deep UV region, fluorescence is excited but no interference exists, therefore this
range can still be used [Tarcea et al., 2008]. Another thing important to consider is that UV
is dangerous for humans, therefore its use in the project would need a safety mechanism for
installation and beginning of operations, in order not to risk damages.

Green excitation sources are common in laboratory instruments. The performance in
detecting biosignatures is worse than for UV, but at the same time, it allows to detect a wider
range of molecules, even if it requires a higher power. It allows to cover spectral ranges both
for minerals and organic substances. Besides, even if it does not eliminate completely the
fluorescence effect, this is weaker than for UV excitation [Blacksberg et al., 2016; Wang et al.,
2003].

One solution to the fluorescence problem is to use the near-IR excitation. Near-IR exci-
tation wavelength is considered as an industry standard, and this type of laser has sufficient
output power, compact size, long lifetime as well as a relatively low price. The disadvantage
of IR excitation over green excitation is that the Raman return is significantly weaker leading
to lower SNR as well as longer collection times [Blacksberg et al., 2016]. Besides, the accuracy
is limited, because for some applications this longer wavelength decreases the intensity too
much [Gnyba et al., 2011].

Therefore, the best solution for this project, considering its aim, is a green excitation
source at 532nm, which results to be the best compromise among the performance in de-
tecting potential biosignatures, the availability and cost of the components, the fluorescence
background and the safety for terrestrial operations.

Spectral resolution is defined as the ability to resolve spectral features and bands into
their separate components. It defines how many spectral peaks the spectrometer can re-
solve. It means that according to this parameter, spectral information can be lost, if the
resolution is too low, or the measurement time can be very long, if it is too high. Obviously,
the reference parameter depends on the type of application and it is required directly by the
analysts: chemical recognition usually requires low/medium resolution, but higher values
can be required for identification of more precise features [BWTek, 2017; Horiba Scientific,
2017; Rasmussen et al., 2015].
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When it comes to the use of dispersive gratings, the spectral resolution is always a param-
eter of great importance for the performance. In Raman spectrometers spectral resolution
is determined by four main factors: the focal length (i.e. the distance between the disper-
sive grating and the detector), to which the parameter is proportional; the diffraction grat-
ing groove density; the laser wavelength; and the detector (the smaller the pixel the higher
the achievable resolution) [Horiba Scientific, 2017]. Therefore, it is understandable that the
spectral resolution is strongly dependent on the size and the level of miniaturisation of the
instrument. It is always present in a trade-off with the spectral coverage, as the resolution
increases with the increasing of the volume [Guldimann and Kraft, 2011; Wang et al., 2003].
Resolution can be increased up to the theoretical diffraction limit, by decreasing the spectral
bandpass by reducing the slit width, or increasing the focal length, the number of grooves or
by combining these methods. These techniques imply respectively, decrease of the optical
throughput for a smaller slit width, larger instruments for the increase of the focal length
and an increase of cost for increasing the number of grooves [Lewis et al., 1993]. So, all these
parameters have to be considered as trade-off parameters to select the components.

The last main driving parameter in the design of a Raman spectrometer is the SNR, which
was already deeply explained in Section 4.2.

As underlined, all the optical parameters depend on each other, therefore it is important
to establish some payload requirements to start the design of the instrument.

5.2. PAYLOAD REQUIREMENTS
The parameters presented above and the requirements in Chapter 3 were presented and dis-
cussed with a team of experts at DLR Institute of Optical Sensor Systems (Institut für Optis-
che Sensorsysteme) and Institute of Planetary Sciences (Institut für Planetenforschung) in
Berlin on March 20th, 2017. The meeting was thought as a sort of System Requirements Re-
view (SRR), in which the experts worked as stakeholders of the project and presented their
needs and requirements for the Raman spectrometer to design.

A SRR is a formal review required by the NASA project life cycle (as presented in Fig-
ure 3.1) who aims at ensuring that the system and performance requirements identified
by the designer are complete and consistent with the stakeholders’ expectations. More-
over, during a SRR the preliminary project plan is discussed and elaborated [AcqNotes, 2017;
Kratzke, 2015]. In the SRR of this project, not all criteria addressed by AcqNotes [2017] were
elaborated, but the aim of the meeting was to stay as close as possible to a simulation of a
real systems engineering meeting in order to discuss the acceptance of the requirements by
the experts.

The meeting started with the presentation of the project and in particular with a deep ex-
planation of EnEx and the working principle of IceMole. In addiction, the preliminary con-
cept decision was presented and discussed. The experts resulted very interested in such a
project and, although they were not sure that terrestrial and space applications to Enceladus
can be comparable at this point, they agreed that a Raman spectrometer is the most promis-
ing instrument to use. However, the discussion suggested other instruments to be added
to the mission in future as well, to obtain the best possible result. After that, a debate was
held to decide the preliminary allocation of the system, as well as the components to inte-
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grate to obtain the most suitable configuration. Both these issues are addressed in Chapter 6.

According to the mission need of detecting potential biosignatures in situ, the DLR ex-
perts helped deriving the payload requirements, presented in Table 5.2. All of them derive
from the two top-level mission requirements SYS-01 and SYS-02, they are indicated with
the acronym RS (because related to the Raman spectrometer) and they describe the perfor-
mance that the instrument must achieve.

For the measurements, it is important that each experiment is not conditioned from the
previous one, therefore their independence from depth is essential. In fact, each measure-
ment can give different results because the biosignatures cannot be present at all depths,
which means that the scientific return has to assure to recognise the different possible re-
sults. Besides, to ensure the detectability of the interesting molecules, the integration time

TABLE 5.2: Payload requirements

Req.ID Requirement Rationale Reference VM

SYS-01-
RS-01

The system shall perform
independent measure-
ments at different depths

The system has to be able to
provide measurements at dif-
ferent depths during the de-
scend of the probe, without
being affected by the previous
one

Table 3.2;
SRR

D,T

SYS-01-
RS-02

The system shall ensure ad-
justable integration time

Integration time is a funda-
mental parameter to obtain
significant measurements

Table 3.2;
SRR

A,T

SYS-01-
RS-03

The system shall be cali-
brated before and after each
measurement

In order to detect potential
biosignatures, it is necessary
to calibrate the instrument
with the known detectable
substances. For better un-
derstanding of the calibration,
see Chapter 9

Table 3.2;
SRR

T

SYS-02-
RS-01

The system shall detect
at least the Stokes range
1000−4000 cm−1

This is the range in which
biosignatures can be found

Table 3.2;
SRR

A,T

SYS-02-
RS-02

The system shall provide
resolution up to 10 cm−1

This requirement derives
from experts’ need for the
mission

Table 3.2;
SRR;
Section 5.1

A,T

SYS-02-
RS-03

The system shall excite the
sample at 532 nm

The visible wavelength allows
to gain knowledge on samples
not only related to biosigna-
tures, it does not need an extra
safety control device and it is
the best compromise in terms
of fluorescence

Table 3.2;
SRR;
Section 4.3;
Section 5.1

A,T
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must be flexible, as Raman spectroscopy usually requires stability and quite long integration
time. Finally, the instrument must be calibrated as to define a reference and to subtract to
the spectrum the known detectable molecules. Interesting biosignatures give signals in the
spectrum in the Stokes range 1000−4000cm−1, therefore this is a minimum requirement for
the Raman spectrometer. The spectral resolution should be up to 10cm−1, which was re-
quired by the experts, because of the specific application. In this way, very specific features
can be determined, but without increasing too much the necessary measurement time. Fi-
nally, the excitation wavelength to use should be 532nm, for the reasons listed above.

Now that all the requirements were derived and they are listed in Table 3.2,Table 3.3 and
Table 5.2, the design of the Raman spectrometer can be formulated.



6
PRELIMINARY DESIGN

The working principle of a Raman spectrometer was described in Chapter 4, in which the
theory of the Raman effect was combined with the explanation of the instruments and com-
ponents needed in order to achieve the best performance. Following the scheme in Fig-
ure 4.4, it is important to underline that the basic objective of a Raman spectrometer is to
take light, break it into spectral components, transform the signal into a function of wave-
length, read it out and display it through a computer. This is done by exciting a sample with
a focused laser light, collecting the excited light through an optical fibre cable or a colli-
mated lens into the spectrometer through the entrance slit. Then, the light is collimated by
a mirror and directed towards a grating which disperses the spectral components at slightly
varying angles. This dispersed light is focused by a second lens and imaged onto the detec-
tor [BWTek, 2017; Chimenti and Thomas, 2013; Kiselev et al., 2016].

In the context of this work, the principal aspect that needs attention is the miniaturisa-
tion of such an instrument. Miniaturised optical components must be chosen wisely so as
to meet the performance requirements. In fact, the size of the components affects the per-
formances in terms of spectral range, spectral resolution, SNR and sampling versatility [Cro-
combe, 2013].

Therefore, this Chapter focuses on the preliminary design of the Raman spectrometer
for IceMole, by trying to achieve all the requirements in Table 5.2. These drive the selec-
tion of the components for the instrument, above all the Stokes range to measure (1000−
4000cm−1), the spectral resolution to achieve (10cm−1) and the laser wavelength (532nm).
These values can be found either in terms of Raman shifts either in wavelengths, therefore
it is important to be able to convert the values. Several converters can be found directly on
the internet, for example in Photon etc. [2017], which are based on the following relation-
ship [Ocean Optics, 2017]:

∆ν̄=
(

1

λ0
− 1

λx

)
·107 (6.1)

where ∆ν̄ is the Raman shift in cm−1, λ0 is the laser wavelength and λx is the correspond-
ing wavelength, both in nm. Notice that the factor 107 is due to the conversion of the units.
Therefore, the wavelength 561.89nm corresponds to the Stokes shift of 1000cm−1 and the
wavelength 675.81nm to the shift of 4000cm−1: the Raman bandpass to analyse is then
561.89− 675.81nm. About the resolution is instead important by definition the difference
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FIGURE 6.1: 90 and 180◦ sampling geometries for Raman spectroscopy [Gauglitz and Vo-Dinh,
2006]

λx −λ0. In this case, the corresponding wavelength is 532.28nm, so that the resolution is
∆λ= 0.283nm ≈ 0.3nm.

Another important consideration when it comes to the preliminary design of the instru-
ment is the configuration geometry to be used. Two are the main options, which are shown
in Figure 6.1. As can be noticed, the two configurations depend on the alignment of optics
used to deliver the laser light and collect the Raman scattering. In 180◦ geometry, the laser
beam is coaxial to the collected scattered light and a mirror or a beamsplitter is used to com-
bine the two. It allows to perform non-invasive sampling through a window or a container.
On the other hand, the 90◦ configuration keeps the two collection beams separate. Conven-
tionally, for solid samples as in the case of this project, the 180◦ arrangement is preferred,
because of simpler reproducibility [Gauglitz and Vo-Dinh, 2006; McCreery, 2000].

In the present Chapter, the first step is to consider the allocation and the operational sce-
nario of the instrument while performing its measurements in situ. According to this, two
main options are identified and discussed in Section 6.1, so as to select the best one which
can comply with the next generation of the IceMole probe and its future towards the mission
to Enceladus. Then, a preliminary discussion on the most promising components is carried
out in Section 6.2, presenting the possible alternatives for each of them, their essential pa-
rameters and considering the chosen allocation solution and the requirements derived in the
previous Chapters. Eventually, Section 6.3 presents a first system configuration, according
to the most promising solutions discussed before.

6.1. ICEMOLE DESIGN CONSIDERATIONS
Section 2.1 presented the design of the different models of IceMole probe. The current
miniaturised design does not include any payload, it only wants to show the feasibility of
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the use of the working principle of combining melting and screwing in such a small probe.
However, the EnEx project is now working on the proposals for the next generation of Ice-
Mole, in which the probe should maintain the miniaturised cross sectional area, but it will
also present one or more payloads for the in situ measurements of ice or water samples. The
aim is to arrive at developing like a swarm of IceMole probes for the exploration of Ence-
ladus, each of the probes carrying one specific or more instruments, increasing in this way
the reliability and the scientific return of the mission. The Raman spectrometer will be one
of the payloads among which the new generation of the probe will benefit for the measure-
ments.

Considering the design of the miniaturised IceMole with the cross sectional area of
80mm× 80mm in Figure 2.4, the preliminary analysis concerned the possible allocations
of the instrument and its operational scenario. The selection of the allocation was driven
by the similarity with EnEx-IceMole, where the payload is allocated in the rear back of the
probe. This solution is considered to be feasible even in the case of the miniaturised probe,
so as to maintain the space needed for the elements of the navigation systems and not to put
the instrument near the melting elements, that can negatively interact with the Raman spec-
trometer. However, the exact allocation will be decided according to the final dimensions of
the instrument and the assembly with the probe by the EnEx-nExT team in accordance with
the new proposal for the design of IceMole. At this stage, the project aims to standing the
requirements for the future integration into the probe and it is sufficient to know that the
Raman spectrometer will be allocated in the back.

Concerning the operations of the instrument and the required changes in the design of
IceMole whereby the spectrometer could perform the in situ measurements, two options
were investigated at high level to decide how they will work according to the respective
Functional Flow Block Diagram (FFBD), shown in Figure 6.2. The main difference between
the two options is that the first one employs a pump collection system, while the second
one performs the measurements through a glass window. Yellow blocks indicate the start
and the end of the operations respectively related to IceMole reaching a defined depth and
to sending the obtained spectrum to ground station. Rectangular blocks show the steps re-
lated to the spectrometer itself and its measurements (notice that they are the same for both
options), while rhomboidal blocks relate to preparation steps and final disposal steps.

Option 1. In the first case (Figure 6.2a), the spectrometer collects the ice sample from the
hollow screw and performs the measurements inside the probe. In this case, the probe needs
a pump in order to get the sample from the head to the rear back where a sample cuvette
contains the sample. At this point, the Raman spectrometer works as described in Chap-
ter 4. Then the sample is ejected from the probe and the cuvette and the channels have to be
decontaminated in order to perform the successive measurements.

The main problems concerning this option are the design of the screw for the minia-
turised IceMole, the design of a pump to get the sample to the instrument, the elimination
of the analysed sample and the decontamination of the instrument for each measurement.
About the screw, the miniaturised IceMole does not present the hollow screw currently, as
its design resulted very difficult for such a small item. However, for this option the cavity is
necessary in order to deploy the proboscis to collect the sample, as it was for the previous
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(A) (High-Level) FFBD of Option 1

(B) (High-Level) FFBD of Option 2

FIGURE 6.2: FFBDs of high-level operation options

generations of IceMole. At this point, the pump has to be able to transport the collected
sample to the sample holder. This means that a high pressure difference has to be gener-
ated. At the same time, the pump has to be used to remove the sample from the holder as
well and eject it into the ice. This step and the decontamination and sterilisation of the col-
lection system are necessary in order to comply with the requirement on the independent
measurements (see Table 5.2, SYS-01-RS-01).

Option 2. On the other hand, this option does not need the collection of the sample, as it
is shown in Figure 6.2b. In fact, once IceMole arrives at the defined depth, the spectrometer
performs the measurements through a window, looking at one of the sides of the channel
melted by the probe. In this way, the contamination of the instrument is not a problem, be-
cause the spectrometer is not in contact directly with the sample and each measurement is
independent from the other.

In this case, the main problem is the design of the window. First of all, it is important to
identify the transparent material that allows to perform the measurements of the sample at
best. Moreover, it has to be investigated if this window can be part of the wall of the probe, so
as to stand the strains originated by the descend of IceMole, or if a mechanism of "aperture"
of this window is needed. That is why in the Figure the block related to the deployment of the
window is dashed and in transparency. Another problem could be the possible presence of a
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thin liquid film remaining on the side wall of the hole in front of the ice. Besides the window
can require safety devices if excitation wavelength ranges dangerous for humans are chosen
(even if it is not the case of this project).

With the objective of not to modify extremely the design of the IceMole probe, so that the
outcome of this work can be adapted to all new proposed designs, Option 2 seems to be the
most feasible and the one that presents less drawbacks to overcome. From the engineering
point of view, this option is preferable because its design seems to be easier and an additional
collection system is not needed. Options 2 simply relies on the selection of the components
which have to be assembled together to obtain a system that provides the best performance.
However, attention has to be paid for what concerns the scientific aspect: in fact, the use of
a window could interfere with the measurements, because they are not performed directly
on the sample. Therefore, research is needed on the material to use for the window, on its
transmittance according to the excitation wavelength used (532nm), on its thickness and on
how it interferes with the measurements, so as to select the best material that enhances at
best the performance of the instrument.

6.2. COMPONENTS
Therefore, the design approach of the Raman spectrometer followed the scheme presented
in Figure 4.4. Considering the choice that concerns the allocation of the instrument in the
rear back of the probe and the use of a window, this Section presents the options available
for each component, always taking care of the derived requirements and of what was said in
Chapter 4 about all the system elements.

The main aspects that have to be investigated are how to design the window, how it af-
fects the performance and which material is most suitable for IceMole applications; which
laser should be used to provide for the 532nm excitation; which type of focusing and collec-
tion optics is the best option for this work; which filter allows to obtain the required perfor-
mance; and, above all, which are the main parameters for the spectrometer and the detector.
After the determination of the available options and the most important criteria to perform
a trade-off, the selection of the components will be elaborated in Chapter 7.

6.2.1. WINDOW
The window is the interface between the instrument and the sample. The choice of using a
window allows to have an essentially non-invasive method, so as to contain the risk of con-
tamination, at least for the one coming directly from the Raman spectrometer [Gauglitz and
Vo-Dinh, 2006]. Therefore, the window has to be able to transmit both the excitation radia-
tion and the scattered light. To achieve this aim, the material was selected according to its
physical and optical properties such as light transmission, index of refraction (i.e. the ratio
of the speed of light in vacuum to the speed of light through a given material at a given wave-
length), reflectance, Abbe number (i.e. a measure of the material dispersion), coefficient of
thermal expansion, conductivity, Knoop or Mohs hardness and Young’s modulus [Edmund
Optics, 2017c; Newport, 2017].

In particular, the transmittance of an optical glass is quite important in selecting the ap-
propriate material: the transmittance is defined as the fraction of incident light of a specific
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wavelength that passes through the glass and it is inversely proportional to the spectral ab-
sorption. However, not only the transmission depends on the wavelength of the incident
light, but it also depends on the thickness of the material, because the higher the thickness
the higher the spherical aberrations that can be encountered [AzO Optics, 2014; Schott, 2005;
Slater et al., 2001]. The values of the transmittance that have to be considered are the ones for
the laser wavelength 532nm and the ones for the visible spectrum that has to be collected.
For this project, the thickness of the window is supposed to be at maximum 10mm: in fact,
the wall of IceMole is currently 4mm thick, to which some thickness has to be add in order
to mount the window and so it can be considered that the window should be ∼ 7−8mm.

Other aspects that needed to be taken into account in this project are the mechanical
properties of the material: considering the window as part of the wall of IceMole, the ma-
terial has to guarantee not to break during the descend of the probe. For this reason, the
Young’s modulus and the Mohs hardness are extremely important. The first parameter refers
to the ratio between stress and strain to which the material is subjected. It is linked to the
elastic deformation and it is the load limit that can be applied to a solid material so that it
is able to return to its original shape after the load is removed [Wikipedia, 2017a]. On the
other hand, the Mohs hardness specifies how resistant a solid material is to various kinds of
permanent shape changes when a compressive force is applied. In particular, the Mohs scale
indicates the scratch hardness which is the hardness of a material to scratches and abrasions
and it is based to relative comparison, where talc has an assigned value of 1 and diamond is
assigned to 10 [IPS Optics, 2017; Wikipedia, 2017c].

A last optical property worth of consideration was birefringence: if a material is birefrin-
gent, the transmission of the light beam is subjected to a double refraction, because its re-
fractive index depends on the polarisation of light. Since Raman measurements are sensitive
to the polarisation of the beam, the material of the window should not be birefringent [Janis,
2017].

Considering the listed parameters, the most promising materials for the use in IceMole
terrestrial applications were identified in [Janis, 2017; Newport, 2017]:

• BK7, the most common borosilicate glass used for visible and near-IR optics. It is also
relatively hard and shows good scratch resistance.

• UV Grade Fused Silica, which is a non-crystalline, colourless silica glass that combines
a very low thermal expansion coefficient with good optical qualities. Fused silica is
ideally used with high-energy lasers due to its high energy damage threshold.

• Crystal Quartz, a birefringent single crystal grown using a hydrothermal process, with
good transmission from the vacuum UV to the near-IR.

• Sapphire, which is a hard crystalline material, with good transmittance from the UV to
the mid-IR, excellent transparency and resistance to chemical attack.

6.2.2. LASER
As already discussed in Chapter 5, the laser wavelength strongly influences the performance
and the effectiveness of the Raman measurements and that is why the 532nm excitation



6.2. COMPONENTS 47

wavelength was chosen. Laser can be divided in three main categories: Continuous Wave-
length (CW), pulsed and ultra-fast, according to how the light is delivered. Among these,
in the typical Raman measurements, the CW is preferred to a pulsed laser so as to assure a
stable output power than could vary between 10 and 1000mW, according to its power stabil-
ity [Gauglitz and Vo-Dinh, 2006, p.58][Photonics Handbook, 2017].

The most common CW laser is an helium-neon (HeNe) laser, which is a very mature and
reliable technology, reason for which the cost of this device is not very high. However, the
main restrictions for this type of lasers is the limited achievable output power and the need to
be air-cooled. Recently, the laser diode has become the most used laser type, which relies on
creating charge carries in a p-n junction that combines and emits light. They are available at
low cost, in small dimensions and they are able to deliver high output power, although their
performance is highly temperature dependent. Furthermore, another option that is gaining
more and more attention is the Diode-Pumped Solid State (DPSS) laser, in which the gain
medium is neodymium-doped crystal (usually Nd:YAG or N:YV04), pumped by one or more
laser diode. DPSS lasers can deliver high power, they allow both CW and pulsed operations
and their size can be greatly reduced [McCreery, 2000, pp.127-148][Photonics Handbook,
2017; Slater et al., 2001].

Besides the wavelength, the other parameters of the laser important to consider were [Slater
et al., 2001; Thomas, 2016]:

• Power, on which the power of the Raman scattering depends.
• Stability in power, important for the repeatable and long applications. Usually good

Raman laser has a power stability of better than 1% peak-to-peak over 8 hours.
• Laser linewidth and stability in wavelength, respectively usually less than 1cm−1 with

less than 0.5% RMS of optical noise.
• Lifetime, which has to assure the instrument to work for all the operative time.

6.2.3. FILTER
Chapter 4 showed how important it is to reject the laser-line. In fact, the most of the scattered
light is on the same frequency of the excitation laser, and this would mean for the weaker Ra-
man scattering to be covered. Moreover, the laser-line would create too much fluorescence
and background noise for the detector [Omega Optical, 2017; Slater et al., 2001]. Therefore,
to fight these effects, it was fundamental to use and select the appropriate filter.

Optical filters are used to selectively transmit or reflect a wavelength or range of wave-
lengths. Figure 6.3 shows the four basic types of filters, based on the shape of the transmis-
sion curve: a long wave pass edge filter, a short wave pass edge filter, a notch filter and a laser-

FIGURE 6.3: Filters options [Omega Optical, 2017]
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line filter (in the Figure called interference). The edge filters transmit only the wavelengths
respectively above or below a certain threshold, a notch filter blocks only the laser-line let-
ting all the other ranges pass, while the laser-line filter allows only to the laser wavelength to
be transmitted [RP Photonics Encyclopedia, 2017; Semrock, 2017c].

Obviously for this work the last type is not useful as it transmits only what it actually has
to be rejected. Among the other types, the choice was driven by the payload requirements
in Table 5.2: the experts asked for a spectral coverage between 561.89 and 675.81nm. This
means that the detection is linked only to a Stokes range, so only the wavelengths above the
laser-line have to be measured. For this reason, the appropriate filter to be used is a long-
pass edge filter. Parameters that have to be considered in the choice of the edge filter to
use were the steepness, i.e. the parameter related to how fast the filter transitions is from
blocking to transmission, and the OD, which is usually required to be higher than 5 for Ra-
man spectroscopy [Omega Optical, 2017], because it is related to transmittance by [Edmund
Optics, 2017f]:

T = 10−OD ×100 (6.2)

where T is the transmittance.

6.2.4. FOCUSING AND COLLECTION OPTICS
The 180◦ configuration requires peculiar focus for what concerns the delivery of the excita-
tion laser beam. Figure 6.1 shows that both the laser beam and the scattered light are on the
same axis: therefore, it is important that the delivery of the excitation does not interfere with
the collection of the scattering. This means that a mirror with peculiar characteristics must
be used.

A mirror is an optical lens whose coating is selected so as to be highly reflective for a se-
lective wavelength range. In this case, the mirror should reflect the laser beam of 532nm
towards the sample, with an incidence of usually 45◦. However, the device that reflects the
laser has to be able to transmit the Raman scattering to the spectrometer, as well. For this
reason, in spite of a simple mirror, a beamsplitter can be used: the beamsplitters rely on coat-
ings that partially reflect and partially transmit incident light according to the wavelength
(that is the case of dichroic beamsplitters). For this work, the optical device should have a
high reflectivity for the laser wavelength and a high transmittivity for the spectral range to be
detected [Edmund Optics, 2013].

Besides the focusing optics, its counterpart is as well as important. The collection optics
determines the amount of light reaching the spectrometer and the detector. Scattering light
is diffusive light, therefore it is needed something that could collect it: the most promising
optical element is a collimating lens. Collimating lenses make light parallel, so that it can
enter the spectrometer set-up by creating a focus. They can be directly attached to the spec-
trometer or coupled to optical fibres. Normally, they are used to direct the excitation beam
to the sample, but they can also be used as collecting optics for the reason explained above.
There are two common types of collimators: refractive or reflective. The selection of the col-
limator depends on the entrance pupil diameter, wavelength range, and focal length of the
optical system under test. For the measurements such the ones of this project, reflective col-
limators are recommended because they can work over larger wavelength ranges [Optikos,
2017].
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FIGURE 6.4: Single fibre cable structure [Newport, 2017]

Both the focusing optics and the collection optics can be substituted, at least in part, by
optical fibre cables: the laser can be delivered by a single fibre to the sample and the Raman
signal can be collected back by the fibre and transmitted to the spectrometer [Slater et al.,
2001]. An optical fibre can be thought as a "light pipe", which means that the fibre guides
light into an optical system via the phenomenon of total internal reflection, i.e. carrying
information between two places using entirely optical technology. An optical cable is com-
posed of really thin strands of glass or plastics. Figure 6.4 shows the structure of a single fibre
cable. All fibres consist of a number of substructures including: a core, which carries most
of the light; surrounded by a cladding (with a lower refraction index), which bends the light
and confines it to the core forming the actual fibre; surrounded by an inner coating that does
not carry light, but adds diameter and strength to the fibre; covered by a primary coating, the
strength member, which provides the first layer of mechanical protection; and a secondary
buffer coating, the outer jacket, which protects the relatively fragile primary coating and the
underlying fibre [Optical Cable Corporation, 2017; Woodford, 2016].

The optical fibres can transmit signals via different modes, which are the paths that the
light beams follow inside the cable. In the single-mode fibre, light travels straight down the
middle without bouncing off the edges, while in the multi-mode fibre, the light beam travels
into the fibre by following a variety of different paths. The former presents usually a smaller
diameter and it is used in to cover large distances, while the latter sends information only
over relatively short distances [Dowling, 1997; Optical Cable Corporation, 2017; Woodford,
2016]. Typical descriptive parameters for an optical fibre cable are the following [Dowling,
1997]:

• attenuation, which is the decrease in signal strength over distance
• bandwidth, the information capacity
• Numerical Aperture (NA)1, the measurement of the light acceptance angle of a fibre
• cut-off wavelength (for single-mode fibre)
• mode field diameter
• chromatic dispersion.

1The NA of an optical system characterises the range of angles over which the system can accept or emit light.
It is conventionally defined as NA = n sinθ, where θ is the maximal half-angle of the cone of light that can
enter or exit the lens.
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Moreover, the physical size of the cable, its optical and mechanical performances and the
jacket are to be considered in the selection of the appropriate optical fibre cable.

The use of optical fibres allows freedom and flexibility in the set-up of an optical instru-
ment, because sample may be distant from the spectrometer, no special pointing is required
and the losses within the fibres are very small. In this work, this was particularly promising
in order to fit all the components in the restricted available volume. Moreover, they are ideal
when samples have to be analysed from a large distance or present weird shapes [Anglia
Instrumentation Ltd, 2017; BWTek, 2017; McCreery et al., 1983].

6.2.5. SPECTROMETER & DETECTOR
The spectrometer is the most important component at all for the Raman system; it is the one
that diffracts the scattered light beam and transmits this diffracted beam to the detector to
obtain the actual results. As explained in Chapter 4, the spectrometer includes an entrance
slit, a collimated lens, a dispersion element and a second lens to focus the light onto the de-
tector. In this case, a grating-based spectrometer is used.

Besides the already described Czerny-Turner configuration, reported here in the right
part of Figure 6.5, which was identified as particularly promising for its compact design, a
crossed Czerny-Turner set-up can be used, which is an elaboration of the first one. It con-
sists of two concave mirrors and a diffraction grating, offering an even compacter and more
flexible design that needs almost half the volume of the uncrossed version [BWTek, 2017;
Rasmussen et al., 2015].

The slit is one of the most critical parameters of the spectrometer because it determines
the amount of light that enters the optical bench, on which depends the spectral resolution.
The slit cannot be too wide, or the spectral resolution would decrease, but neither too nar-
row, which can determine the loss of the flux and some information [BWTek, 2017]. Spectral
resolution also depends on the focal length of the lenses and mirrors, the groove frequency
and the detector pixel size. The diffraction grating determines the spectral wavelength range
as well, which must be appropriate to the required Stokes range [Adar, 2013].

FIGURE 6.5: Crossed and uncrossed Czerny-Turner set-up [Rasmussen et al., 2015]
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Considering the detector, a sensitive and low-noise detector is an imperative need. Pho-
todetectors are characterised in different ways, according to their detector material: the de-
tection capability depends on the absorbance characteristics of the used semi-conductor
material, and it can vary extensively with the thickness of the detector [Gauglitz and Vo-
Dinh, 2006; Rasmussen et al., 2015]. In the applications of IceMole, a multichannel detector
is needed, in order to obtain the spectrum at once. Conventional CCDs can be constructed
at low cost, which makes them an ideal choice for most miniature spectrometers. However,
they presents two limitations: light can be scattered instead of absorbed and the thickness
is maintained typically thick. A Back-Thinned Charged-Coupled Device (BT-CCD) is instead
very sensitive, but more expensive. Another option would be to use Photodiode Array (PDA)
detectors which, although they use larger pixels, they do not need a gate structure and they
have a wider dynamic range and response [Chimenti and Thomas, 2013].

An important aspect that has to be considered for detectors is the need of using thermo-
electric cooling devices, which allow to diminish the noise levels, by lowering the dark cur-
rent, and increasing the sample integration time so as to obtain a lower detection limit [Chi-
menti and Thomas, 2013].

6.3. PRELIMINARY SYSTEM CONFIGURATION
With a view to derive a design that could satisfy the requirements, a preliminary design con-
figuration for the Raman spectrometer was decided. This configuration derived from the
presentation of the components and their characteristics in Section 6.2 and it is presented in
Figure 6.6.

The interface between the IceMole probe and the ice is represented by a window, a layer
of optical glass with the adequate characteristics to perform the measurements that is part of
the wall of the probe. The window transmits the laser light beam to the sample, which is rep-
resented by the ice of the melted channel by IceMole. The laser provides the excitation beam
via an optical fibre cable, which is connected directly to the window via a fibre support. The

FIGURE 6.6: Preliminary system configuration
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scattered light is transmitted through the window inside the probe and collected via an edge
filter, which rejects the laser-line scattering, transmitting only the interesting Stokes range. A
collimated lens is then directly connected via an optical fibre to a CCD spectrometer which
performs the analysis of the scattered light to detect the potential biosignatures. The market
offers several options for a spectrometer already integrated with a detector, so that time for
designing these optical components can be saved. The choice of connecting both the laser
and the spectrometer with optical fibres depends on the amazing advantages that derives
from these technologies: above all the chance of arranging a flexible set-up, so as to exploit
to the utmost the available volume.

The main choice in this phase was the one of using Components-Off-The-Shelf (COTS),
for every part but the window, which has to be designed such as to be integrated with the
wall of the probe itself. COTS allow to keep the entire cost of the system low and they give
the opportunity of choosing among a huge variety of alternatives. Moreover, the use of COTS
gives the chance of reducing the time schedule, because manufacturing and delivery of the
components do not need too much time. The main aspects of this work were indeed the
selection among the different available options on the market through careful trade-offs to
satisfy the payload requirements (Table 5.2) and how to integrate them in order to meet with
the technical specifications (Table 3.3). The first aspect is elaborated in next Chapter, while
the last is elaborated in Chapter 8 with the modelling of the system with the help of a CAD
software.



7
SELECTION OF COMPONENTS

The previous Chapter underlined the leading characteristics for each component of the Ra-
man spectrometer and it presented a first primary system configuration with the aim of for-
mulating a possible design for the instrument. The configuration determined some impor-
tant high-level choices such as: the 180◦ configuration, the use of a window as interface
between the instrument and the sample, the decision of relying on COTS of the market, the
employment of the optical fibres and a CCD spectrometer.

This Chapter deals with the successive decisions to be taken in the design of the system,
which strictly depend on the ones made before. Notice that the process of the design in
engineering is an iterative process which requires a continuous verification of the previous
choices and the flexibility to change those. First of all, the preliminary system configuration
proposed in Section 6.3 is analysed at a deeper level, trying to understand if the introduced
solution can be feasible for the instrument. This analysis is elaborated in Section 7.1 where
the first iterations are presented. Successively, the selection of the components is performed
through extensive trade-offs, that follow the rules of systems engineering, in Section 7.2.
Each element is selected considering the parameters presented in Chapter 6 and present-
ing the several available options on the market. Eventually, Section 7.3 presents different
options for the allocation of the components, by trying to fit them in the constrained vol-
ume. The options are elaborated in a CAD software, so as to visualise how much space it is
needed to fit everything. The selection of the best option is fundamental to derive the final
design in next Chapter.

7.1. ITERATION OF SYSTEM CONFIGURATION
The configuration presented in the previous Chapter seems to be the most feasible in the de-
sign of the Raman spectrometer for IceMole. The window facilitates the access to the sample
and the optical fibres make the allocation of the single components easier and more flexible,
as they can also be far from the sample because of the low losses in the cables. At the same
time, the use of COTS allows to reduce the overall costs and assure the testing of the optical
performance of each components.

However, the presence of a cable support in front of the window could create problems
for the collection of the scattered light. In fact, the support blocks a part of the aperture of
the window so as to stop some light to arrive to the detector.

53
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FIGURE 7.1: Iterated system configuration

FIGURE 7.2: N-around-1 optical fibre
(adapted from Slater et al.
[2001])

A solution to this problem could be the use of op-
tical fibres able to deliver the laser beam and to col-
lect the scattering at the same time. Usually, their
configuration is the one presented in Figure 7.2 with
a N-around-1 variant. That means that the central fi-
bre delivers the excitation laser light, while the outer
N fibres surrounding the central one collect the scat-
tering. It can be achieved with a bifurcated optical
fibre cable: one extremity is connected to the laser
source, one is connected directly to the spectrome-
ter and the last one is supported in front of the mir-
ror [Slater et al., 2001]. Unfortunately, even this so-
lution presents problems in the configuration of the
spectrometer. In fact, the direct collection of the light from the same point where the excita-
tion light comes from would suffer from the overlapping of the beams, but the main problem
is actually the direct link to the spectrometer. In this way, the scattered light would not be
filtered and the laser light would reach the detector. Currently, filtering for optical fibres is
under research and development, but cannot be used yet.

Therefore, another solution to this problem is the use of a beamsplitter. As described
before, a beamsplitter is an optical component that relies on coatings that partially reflect
and partially transmit light according to the wavelength, and that usually accepts angles of
incidence of ∼ 45◦. In this project, the reflection of the laser at 532nm is required and the
transmission of the Stokes scattered range is necessary in order to comply with the require-
ments. According to this discussion, the iterated configuration is presented in Figure 7.1.
The laser light is delivered indeed via free-space, through the beamsplitter. The optical de-
vice has to be positioned in such a way that the laser beam can be reflected to the window
and the scattering can be transmitted to the spectrometer. The scattered light continues to
be collected through the collimator connected to the spectrometer via an optical fibre.
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7.2. TRADE-OFFS
In engineering, the design process requires to be able to make several and continuous choices.
Usually, a series of concepts must be identified and then the selection among them is driven
by a series of criteria that have to be generated according to the aim of the design and its re-
quirements. Therefore, systems engineering introduces different trade-off methods in order
to come up with a solution for each critical choice. A trade-off is defined as a situation in
which one aspect is in contrast with another and losing one means gaining the other. These
circumstances happen constantly in a design process and they have to be carefully elabo-
rated. In order to succeed in this, several trade studies, i.e. decision-making processes that
aim at identifying the most promising solution, were elaborated to support the choices.

Hence, each decision must follow a rigorous process which is described by Larson et al.
[2009, pp.201-232]: (1) identify the request, the objectives and rank them, (2) recognise the
context in which the decision has to be made, by assess and handle risk and uncertain-
ties that can arise from decisions that require a trade-off between two elements, (3) select
a method to evaluate the options (intuition, charts, heuristics, qualitative or quantitative
analytical models, simulations or testing), (4) generate alternatives, (5) choose the best so-
lution, (7) test and evaluate the choice. Therefore, once the criteria and the concepts are
identified, the selection criteria have to be weighted among each other in order to compare
all the options on the same basis. Then, to perform the trade-offs, there are three principal
methods [Gill, 2015]:

• Classical, which includes numerical trade-off tables, where criteria are assigned to a
weight and options are assigned to a value as well; and Pugh matrices (such the one
presented in Table 3.1), where the options are assigned to 0, 1, −1 respectively if they
fulfil, over-fulfil or under-fulfil a criteria. Then a weighted sum is made according to
the weighting of the criteria, in order to select the best concept.

• Graphical, where the options are listed in the left column and the criteria are weighted
accordingly to their assigned column width and a colour code is used to identify the
performance of the options for the criteria.

• Analytical Hierarchical Process (AHP), which can determine the weight of the trade cri-
teria by basing on the pair-wise comparison of the nodes in a hierarchical tree struc-
ture.

Therefore, this Section deals with the selection of all the components through the de-
scribed trade-off methods, adding to them some reasoning behind each choice. For the fol-
lowing trade-offs, some major criteria were identified, that are related to the derived require-
ments. The main categories of criteria that were considered for each process are:

• Size. This is the drive parameter of the whole project, therefore all the components
have to comply with the restricted available volume imposed by the design of the Ice-
Mole probe. So, it is important that all of them could fit in the volume of
65mm×65mm×150mm and this criterion was considered as the most important for
all the trade-offs.

• Performance. Along with the size, it is fundamental that the components are able to
achieve a high level of performance so that a valuable scientific return of the mission
can be obtained. Naturally, the minimum performance parameters are different for
each component and they are presented before each selection process.
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• Operating conditions. They are related to the environmental conditions that the en-
tire system has to withstand and they permit to understand if the components could
work in such environments. Even in this case, the operating conditions are related to
different parameters according to the component to select.

Eventually, the technical specifications of the selected components are presented in Ap-
pendix A.

7.2.1. WINDOW
The window is particularly important for the instrument because it has the primary role in
the transmission of both the excitation beam and the scattered light from the sample. There-
fore, as already underlined previously, the transmittance of the optical material plays a cru-
cial role in the selection of the material. At the same time, it is important always to take in
mind that the window has to interface with the harsh environmental conditions of IceMole
testing sites and therefore the mechanical characteristics of the glass are key parameters as
well. For this trade-off, size was not considered as a major criterion, while performance was
evaluated in terms of transmittance at 532nm, transmittance range and birefringence; while
for the operating conditions, the Young modulus and the Mohs hardness were taken into ac-
count. The options to be considered were the ones presented in the previous Chapter: BK7
glass, UV grade fused silica, crystal quartz and sapphire.

The selection was performed through a graphical trade-off presented in Table 7.1, where
the values related to a 10mm-thick window are listed. As can be seen, the transmittance at
the laser wavelength is good for all the four options, with a particularly high transmittance
for UV fused silica and quartz. The same can be said for the transmittance range, for which
all the options meet the requirement on the spectral range that needs to be measured. How-
ever, for the mechanical properties, the best performance is achieved by a sapphire window,
because of the high values related to its Young’s modulus and the Mohs hardness which are
related to high performance in withstanding the harsh conditions of the ice. According to
the last parameter, the birefringence of the material, BK7 and UV fused silica are not bire-
fringent, while quartz and sapphire are, due to their crystalline nature.

Considering the colour code related to the graphical trade-off (green for excellent, blue
for good, yellow for correctable deficiencies and red for unacceptable), the best choices were

TABLE 7.1: Graphical trade-off for the window material [IPS Optics, 2017; Newport, 2017]

Transmittance
@532nm

Transmittance
range

Young’s
modulus

Mohs
hardness

Birefringence

BK7 0.97 0.38−2.1µm 8.63×1010 Pa 5 No
UV Fused
Silica

0.999 0.18−2.5µm 7.36×1010 Pa 5.5−6.5 No

Quartz 0.98 0.15−3µm 8.7×1010 Pa 7 Yes (+0.009)
Sapphire 0.97 0.17−5µm 79×1010 Pa 9 Yes (−0.008)

■ Excellent, exceeds requirements ■ Correctable deficiencies

■ Good, meets requirements ■ Unacceptable
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recognisable in the UV fused silica and in the sapphire window. Anyway, because of its better
mechanical characteristics, the sapphire window was chosen as the most promising option,
because, despite its birefringence, it allows to be sure of not fracturing or breaking during the
descent of the probe. The drawback on birefringence can be almost ignored because of the
huge heritage of the use of this material for Raman spectroscopy as presented in Hattrick-
Simpers et al. [2011]; McCreery [2000]; Slater et al. [2001].

7.2.2. LASER
The laser has the job to deliver the excitation light at 532nm. Because of the best achieve-
ments for Raman spectroscopy, Chapter 6 identified a CW laser as the best to be used in this
application.

Therefore, four different COTS lasers were identified on the market from the producers
Cobolt, RGBLase, Laserglow Technologies and CrystaLaser® and they are presented in Ta-
ble 7.2 in a graphical trade-off. For this process, the considered criteria were the size and the
performance in terms of output power, power stability and RMS noise.

All the four components are CW diode pumped lasers, that allow different output power.
For this parameter, it was chosen to select a 100mW output power, as the best compromise
between performance and power requirement, by allowing to excite at best the sample and
to receive a strong scattered signal (keep in mind that the scattering power depends on the
laser power as explained in Chapter 4). Therefore, all the four options satisfy this required
value. For what concerns the RMS noise, the low-cost component of Laserglow Technologies
and the diode pumped green 532nm CrystaLaser® present both a terrible performance: the
RMS noise reaches values of 20%, not acceptable in a precise application such as Raman

TABLE 7.2: Graphical trade-off for laser [Cobolt, 2016; CrystaLaser, 2017; Laserglow Technolo-
gies, 2017; RGBLase, 2017]

Producer Output
power

Power
stability

RMS
noise

Size

Cobolt
08-01 Series

Cobolt 25 ∼ 200mW < 2%
(over 8h)

< 0.2% 40 × 40 × 100mm
(with mounting sup-
port)

532 nm
Raman Laser
Module RM1

RGBLase 20 ∼ 300mW up to 3% < 0.2% 66×46×140.8mm
(with mounting sup-
port)

LCS-0532
Low-Cost
DPSS Laser
System

Laserglow
Technologies

15 ∼ 100mW < 5%
(over 4h)

< 20% 87×40×40mm

Diode
Pumped
Green 532 nm

CrystaLaser® 5 ∼ 500mW 0.5%
(over 24h)

∼ 30% 30 × 30 × 120mm
(with mounting sup-
port)

■ Excellent, exceeds requirements ■ Correctable deficiencies

■ Good, meets requirements ■ Unacceptable
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spectroscopy. That leaves to two options: the Cobolt laser and the RGBLase component.
The power stability is good for both of them, but it is their size that drove the choice: in fact,
the RGBLase module cannot comply with the requirement of size, because at least two of its
dimensions are bigger than 65mm.

For this reason, the Cobolt 08-01 Series laser was selected for this work. It is a diode
pumped CW laser that operates at 532nm and ensures a high level of reliability, with its ultra-
robust compact sealed package. Moreover, it is equipped with a mechanism to prevent the
reflection of the laser-line. By contacting the producer, a STEP file of the component was
available for modelling its integration with the whole system in the successive steps of the
project [Cobolt, 2016].

7.2.3. OPTICAL COMPONENTS
By the term optical components, all that optics that is used to deliver the excitation light
and to collect the scattered light is intended. Considering the configuration in Figure 7.1, the
choices to be made concerned the beamsplitter, the filter, the collimator and the optical fibre
to use. Select the appropriate optics is extremely important for ensuring the information to
reach the spectrometer and the detector so as to be analysed.

BEAMSPLITTER

The beamsplitter is used to direct the laser light towards the window, and therefore the sam-
ple, and to transmit the scattered light to the collection optics, i.e. filter and collimator. In
fact, the beamsplitter is able to separate and reflect light as a function of wavelength. In this
application, the kind of beamsplitter needed is a dichroic mirror, which is highly transmis-
sive above a certain cut-on wavelength and highly reflective below it. Therefore it works as
a long-pass filter, but it has the advantage of being used at non-normal angles of incidence
(usually at ∼ 45◦) [Edmund Optics, 2017a; Semrock, 2017a].

In order to select the beamsplitter, a comparison is presented in Table 7.3 among options
found on the market. The considered producers were Edmund Optics and Semrock, which
can be both consulted on the internet. In this case, the parameters on the line were size and
performance in terms of reflectance, cut-on wavelength, transmittance, angle of incidence,
and OD.

Three main categories of beamsplitters were investigated: all three work with an angle of
incidence θ of ∼ 45◦ and allow to reflect the laser beam at 532nm with a good performance
(at least 94%). The main difference between the three classes is in the cut-on wavelength
which varies from 537.2nm to 552nm. However, all the beamsplitters still comply with the
lower limit of the spectral range. The transmittance is optimal for the required spectral range
as well, therefore one difference that can be underlined is in the OD. The Semrock Bright-
Line® component has a higher OD, reason why it was chosen as the most promising ele-
ment. Notice that for each category, at least two sizes are possible with mounting or not. In
the case of the selected option, two designs are possible, rectangular or circular: which one
is better has to be decided according to the CAD model.

FILTER

The filter is what distinguishes most the Raman spectrometer from the other types of spec-
trometers, because it allows to reject the Rayleigh scattering, by transmitting to the spec-
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TABLE 7.3: Characteristics of beamsplitters [Edmund Optics, 2017a; Semrock, 2017a]

Producer R Cut-on
λ

T θ Size OD

Dichroic
Laser Beam
Combiner

Edmund
Optics

98%
@514.5−
543.5nm

552nm 95%
@561.4−
790nm

45◦ •®12.5 × 3.5mm
(mounted)

•®25 × 3.5mm
(mounted)

3

532 nm
RazorEdge
Dichroic™
laser-flat
beamsplitter

Semrock >94%
@532nm

537.2nm >93%
@538.9−
824.8nm

45◦±0.2% •®25 × 3.5mm
(mounted)

•®25 × 1.1mm
(unmounted)

3

532 nm
BrightLine®
single-edge
super-
resolution
laser
dichroic
beamsplitter

Semrock >94%
@514−
532nm

538.4nm >93%
@541.6−
1200nm

45◦±0.35% •25×35.6×1.1mm
(unmounted)

•®25 × 1.1mm
(unmounted)

4

TABLE 7.4: Characteristics of long-pass edge filters [Edmund Optics, 2017d; Semrock, 2017b]

Producer Cut-onλ T θ Size OD

Raman
Long-pass
Edge Filters

Edmund
Optics

537.3nm ≥93%
@538.9−
1200nm

0◦±2 •®12.5 × 3.5mm
(mounted)

•®25 × 3.5mm
(mounted)

≥ 6

532 nm
RazorEdge®
ultrasteep
long-pass
edge filter

Semrock 533.3nm >93%
@535.4−
1200nm

0◦±2 •®25 × 3.5mm
(mounted)

•®25 × 2mm
(unmounted)

>6

532 nm
EdgeBasic™
best-value
long-pass
edge filter

Semrock 542nm >93%
@546.9−
900nm

0◦±2 •®25 × 3.5mm
(mounted)

•®25 × 2mm
(unmounted)

>6

trometer only the spectral range required and related to the Stokes and/or anti-Stokes scat-
tering.

Among the long-pass edge filters available on the market, even in this case the choice
was among Edmund Optics and Semrock filters. A comparison of these products was car-
ried out, considering their characteristics summarised in Table 7.4. The major parameters
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for this comparison were similar to the ones used for the beamsplitter selection: size and
performance in terms of transmittance, cut-on wavelength, angle of incidence and OD.

All three described categories transmit the appropriate spectral range, even if with many
differences: the attention has to be focused on the cut-on wavelength, which determines
the steepness of the filter and the transmission of the spectral range. The cut-on wavelength
varies from 533.3nm for the RazorEdge® component, which means that the steepness is
very good, to 542nm for the EdgeBasic™ filter, which however allows to meet the require-
ments. The transmittance range is wider for the Edmund Optics component and the Ra-
zorEdge® filter, while it is narrower for the last category, even if this is not a limitation in the
design of the instrument. Moreover, the OD is very good for all three classes, respecting the
standard requirement of being higher than 5 in Raman spectroscopy measurements. As well
as for the beamsplitters, the products present at least two available sizes, with mounting or
without. Because systems engineering always deals to design what is required and not look-
ing for something a bit better1, the Semrock EdgeBasic™ is sufficient to meet the required
performance, that is why it was chosen as filter for the system. As well as for the beamsplitter,
the size has to selected according to what best fits in the CAD model.

COLLIMATOR

After passing through the filter, the scattered light has to be collected in some way and di-
rected to the spectrometer. The system configuration shows that was decided to be achieved
with the use of a collimator connected by an optical fibre to the spectrometer.

The options on the market are several, among which the most promising were identified
in some components produced by Edmund Optics and Thorlabs. Hereafter, a brief descrip-
tion of each class of components is presented:

• Adjustable aspheric FC collimators by Thorlabs. Their goal is to collimate light via
Anti-Reflective (AR) coated aspheric lenses. These collimators allow to choose among
four different focal length options (2/4.6/7.5/11mm), with three AR coating options
(350−700nm or 650−1050nm or 1050−1620nm). They are compatible with FC/PC
optical fibre cables. Among this class of collimators, the most suitable product is the
one with focal length f equal to 2mm, AR coating of 350−700nm, with dimensions
®12.1×17.2mm [Thorlabs, 2017a], NA equal to 0.5 and alignment wavelength at 635nm
(centre of the visible spectrum).

• Air-spaced doublet collimators by Thorlabs. They are large collimators that use a dou-
blet aspherical lens which simplifies the link between free-space and optical fibres.
However, they perform optimally only at the design alignment wavelength because
of the risk of spherical aberrations. Versions compatible with SMA905 connectors or
FC/PC connectors are available. The most promising component is the one with NA
equal to 0.25, f = 35.41mm, with AR coating of 350−700nm and alignment wavelength
635nm. Its dimensions are ®24×45.4mm [Thorlabs, 2017a].

• Fixed focus collimation packages: FC/APC connectors by Thorlabs. These collima-
tors simplify fibre-coupled detection system and can be custom designed. They are

1Akin’s laws of Spacecraft Design #13: Design is based on requirements. There’s no justification for designing
something one bit "better" than the requirements dictate., http://spacecraft.ssl.umd.edu/akins_laws.
html

http://spacecraft.ssl.umd.edu/akins_laws.html
http://spacecraft.ssl.umd.edu/akins_laws.html
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compatible with single mode optical fibre with FC/APC connectors and they are com-
pact and easy to integrate in an existing set-up. The aspheric lens presents an AR
coating on both size as to minimise the surface reflections. The component the could
suit this application is the collimator aligned at 633nm, AR coating of 350− 700nm,
f = 4.46mm and NA = 0.56. Its dimensions are ®11×13mm [Thorlabs, 2017a].

• Fixed focus collimation packages: SMA905 connectors by Thorlabs. These collima-
tors present the same characteristics as the previous class, but they are compatible
with SMA905 connectors. In this class, the optimal component for the project is the
collimator aligned at 543nm, the usual AR coating, with f = 4.34mm and NA = 0.57.
Its dimensions are ®11×15.8mm [Thorlabs, 2017a].

• Fiber Optic Collimator and Focuser Assemblies by Edmund Optics. These compo-
nents are designed to collimate and/or focus light via diffracted limited lenses with
AR coatings available in three ranges. There are models compatible with SMA or FC
connectors. The suitable component in this class is the one with NA equal to 0.55,
f = 4.51mm, aligned at 543nm, compatible with FC connectors and with AR coating
of 350−600nm. Its size is ®11×9.6mm [Edmund Optics, 2017b].

As can be observed, one of the most critical parameters was the optical fibre connector
that has to be used, therefore it was important to know also the dimensions of such connec-
tors to be able to perform an appropriate comparison and selection in terms of size. Optical
fibre connectors are standard components that connect the fibre to the optical devices, so
that light can pass. Good connectors have really small losses. Different types exist now on
the market, but for this work, the collimators ask for FC/PC, FC/APC or SMA connectors,
which are shown in Figure 7.3. In order to save space, the plastic sleeves can be removed and
in this way the dimensions of the connectors are: FC/PC ®9.8×30mm, FC/APC ®10×25mm
and SMA ®9.2×25mm.

By knowing these dimensions, it was possible to perform a comparison and a selection
of the appropriate collimator adding a parameter that indicates the final length of the as-
sembly of collimator and connector. This was calculated using the STEP files provided by

(A) FC/PC connector (B) FC/APC connector

(C) SMA connector

FIGURE 7.3: Fiber optic connector options [Industrial Fiber Optics, 2017; Thorlabs, 2017b]
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the producers of the components and by measuring in a CAD model the dimensions. The
results were the following (notice that they are not very accurate, but they give a good insight
on how long the assembly is):

• Adjustable aspheric FC collimators by Thorlabs; ∼ 33mm.

• Air-spaced doublet collimators by Thorlabs; ∼ 58mm.

• Fixed focus collimation packages: FC/APC connectors by Thorlabs; ∼ 38mm.

• Fixed focus collimation packages: SMA905 connectors by Thorlabs; ∼ 41mm.

• Fiber optic collimator and focuser assemblies by Edmund Optics; ∼ 23mm.

Considering this as the driving parameter in the choice of the collimator, the last Edmund
Optics device seems to be the better. However, it has a huge drawback: the AR coating does
not cover the entire spectral range of the system. Therefore, this option had to be rejected. In
a similar way, the air-spaced doublet collimator was discarded as well, because of the huge
amount of space required by the assembly, which would represent almost 90% of one of the
dimension of the system. Among the left options, the adjustable aspheric FC collimator has
the shorter length. However, the adjustable focus is not needed inside the probe, because
everything will be fixed before the deployment. Therefore, the most promising option fell in
the class of Thorlabs fixed focus collimator. Always considering the length of the assembly
as the driving criterion, the FC/APC connector allows to achieve the shorter length.

OPTICAL FIBRE

The choice of the optical fibre was strictly related to the choice of the collimator. Because the
device complies with single optical fibres, this was the category selected for this application.
Good optical fibres present high transmittance in the spectral response range of the spec-
trometer and the spectral range of light for measurements, a NA larger than the internal NA
of the spectrometer, a core diameter larger than three times the slit width of the spectrometer
(if the slit is larger than 70µm) and a jacket with good light shielding [Anglia Instrumentation
Ltd, 2017]. Table 7.5 shows the characteristics of a market single optical fibre produced by
Thorlabs which is suitable for the application. Notice the small long-term bend radius that
allows to better arrange the assembly of the system, but it is important to consider that an
additional jacket has to be added. Usually, the final cable has a diameter of ∼ 1mm.

TABLE 7.5: Characteristics of Thorlabs single mode fiber [Thorlabs, 2017c]

Transmission 400−680nm
Cladding ®125µm
Coating ®245µm
Jacket UV Cured, Dual Acrylate
Short-Term Bend Radius ≥ 6mm
Long-Term Bend Radius ≥ 13mm
NA 0.12
Operating Temperature −60 to 85◦C
Proof Test Level 1.4GN/m2
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7.2.4. SPECTROMETER & DETECTOR
Eventually, the last component, probably the most significant one, had to be selected. The
Raman spectrometer receives from the optical fibre the scattered light collected by the col-
limator and all the previous optics. Its job is to diffract light through a grating and direct it
onto the detector, so that the analysis can be performed.

In the selection of the most suitable COTS spectrometer, there are few parameters that
played a fundamental role. In order of importance for this project:

• Dimensions, which has to comply with the technical requirements, and therefore each
dimensions must be at maximum 65mm;

• Spectral resolution, which should be ∼ 0.3nm, because of the conversion from cm−1

shown in the beginning of Chapter 6;
• Spectral range, which has to include the required ∼ 560−675nm;
• Slit width, which indicates the amount of light entering the spectrometer;
• Number of pixels, that are related to the performance of the detector;
• Operating temperature, which ensures the spectrometer to work under the environ-

mental conditions dictated by glacial sites.

Notice that for the last three parameters, a threshold, or at least a value to comply with, was
not set, because all three parameters can be easily corrected: the slit width conventionally
can be costumed by the producer to achieve the required performance, the number of pix-
els can be changed (usually increased) by changing the detector and the temperature can be
maintained with the use of heaters or cooling systems.

According to these criteria, a first selection of market components that could comply
with them were identified, thanks to the communication with the technical support of the
respective producers:

1. Hamamatsu Mini-Spectrometer for Raman spectrophotometry, high resolution type,
TG series [Hamamatsu, 2017]

2. Ibsen FREEDOM HR-VIS-NIR/mini Raman [Ibsen Photonics, 2017]

3. Ibsen FREEDOM HR-VIS [Ibsen Photonics, 2017]

4. Thorlabs Compact CCD Spectrometer [Thorlabs, 2017d]

5. Stellarnet Raman-SR [StellarNet, 2017]

In order to select the best component, a graphical trade-off was elaborated and presented
in Table 7.6. The five options are indicated with the numbers corresponding to the numbers
in the list above. Notice that for some options, some information are not available (n.a.) for
the required criteria. At first sight, it was possible to see that three of the five options cannot
comply with the required dimensions because at least two of the three dimensions exceed
65mm. This left to the choice between the two Ibsen components: in fact, both comply with
the requirements for their dimensions. However, the HR-VIS-NIR/Mini Raman has a spec-
tral resolution equal to 0.6nm, which is unacceptable, because two times larger than the
requirement.
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TABLE 7.6: Graphical trade-off for spectrometers [Hamamatsu, 2017; Ibsen Photonics, 2017; Stel-
larNet, 2017; Thorlabs, 2017d].
1 stands for Hamamatsu Mini-Spectrometer for Raman spectrophotometry, high res-
olution type; 2 stands for Ibsen FREEDOM HR-VIS-NIR/mini Raman; 3 stands for Ib-
sen FREEDOM HR-VIS; 4 stands for Thorlabs Compact CCD Spectrometer; 5 stands
for Stellarnet Raman-SR.

Dimensions ∆λ Spectral range
Slit

width
# pixels

Operating
temperature

1 120×70×60mm 0.3nm 500−600nm 10µm 2048 +5 to +40◦C
2 61×65×19mm 0.6nm 475−1100nm 5µm 2048 −10 to +45◦C
3 61×65×19mm 0.4nm 360−830nm 5µm 2048 −10 to +45◦C
4 122×79×29.5mm 0.5nm 350−700nm 20µm 3648 n.a.
5 25×76×127mm 0.4nm 536−940nm n.a. 2048 n.a.

■ Excellent, exceeds requirements ■ Correctable deficiencies

■ Good, meets requirements ■ Unacceptable

Although the HR-VIS spectrometer has a resolution that does not comply with the crite-
rion either, it is nearer the value of 0.3nm and therefore it is quite acceptable. In fact, the
slit width could still be reduced so as to increase the spectral resolution. This component
works in a spectral range of 360−830nm, which includes the range of the requirements. The
number of pixels of its BT-CCD is 2048, which allow a good performance of the detector with
high sensitivity and medium SNR. It complies with a SMA connector, with strict require-
ments for the dimensions, but that do not create any problems for the selected connector.
The operating temperature almost complies with the requirements, but the lowest accepted
temperature is still higher than −15◦C, which means that some precautions in ensuring the
working of the instrument must be taken. A STEP file was provided by the producers, so to
formulate the design in a CAD model.

7.3. PRELIMINARY CAD OPTIONS
Eventually, a first design of the system was elaborated via a CAD modelling tool, the CATIA™,
a software developed by the French company Dassault Systèmes. The acronym stands for
Computer-Aided Three-dimensional Interactive Application (CATIA) and it allows computer-
aided design, manufacturing, engineering, product life management and 3-Dimensional
(3D) modelling. This approach to the design was particularly helpful in visualise how the
system can be once all the selected components are integrated. Above all, it gives an in-
sight on if the system can comply with the requirements on volume and mass. Moreover,
it would be possible also to simulate mechanical and thermal behaviour of the definitive
Raman spectrometer, but this was not the part of this project at this point. The choice of
trusting a CAD software is due to the fact that principal opto-mechanical producers, such
the one chosen for the components, provide computer models of their products in the STEP

format, which are easy to be downloaded and assembled together. Furthermore, by eas-
ily creating this assembly, documentation such as drawings and illustrations can be quickly
produced. Same stands for the components that are not COTS and need to be designed and
manufactured [Kiselev et al., 2016].
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FIGURE 7.4: Design Option Tree (DOT) for CAD physical configurations

At this point of the project, with the COTS selected through the extensive decision pro-
cesses presented above, it was important to understand how the real physical configuration
can be, even to understand which sizes of the components are necessary. For that, a De-
sign Option Tree (DOT) of the possible physical configurations elaborated on the software
is shown in Figure 7.4. All the options are explained shortly hereafter, presenting the first
elaboration of the project to see how to allocate all the components and explaining the rea-
sons why or why not the options were cancelled from the list of possible concepts. Besides,
it is explained the process behind how this DOT was created and why all the branches were
considered. These preliminary physical configurations are shown in Figure 7.5

As can be observed from the DOT, the main decision concerned the allocation of the win-
dow with respect to the entire system. At the second level, the choice was instead about the
COTS dimensions. Notice that all the concepts were modelled to fit in a designed case with
the dimensions equal to 65mm× 65mm× 150mm and for the optical components, rough
mounting supports were modelled (which were then changed for the final design), that can
allocate all the possible sizes for the beamsplitter and the filter indicated in Tables 7.3 and
7.4. Moreover, the laser and the spectrometer were not considered in these preliminary op-
tions, because they are allocated in the bottom of this case, therefore their dimensions do
not interfere with the optical components allocation.

The considered options in the DOT are the following:

1.0 Centred window. The centred window seems to be the most common idea when one
first think of an optical instrument. The entire system would be balanced in this way
and it seems to be the option where most of the volume is used.

1.1 ®25 mm. At first, bigger optical components with a diameter of 25mm were con-
sidered. In this way, the field of view of the instrument can be increased and
most scattered light can be collected from the sample. However, it is important
to remember that the final optical field of view is dictated by the collimator field
of view and its NA. For this size of the components, the window was designed
with a diameter of 20mm, that increases up to 30mm on the inside of the case,
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(A) Concept 1.1.1. (B) Concept 1.1.2.

(C) Concept 1.2. (D) Concept 2.1.

FIGURE 7.5: CAD physical configuration concepts
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for mounting solutions (all the designed components are better described in next
Chapter).

1.1.1 With optical filter. The very first concept, shown in Figure 7.5a, was created
by following the system configuration decided in Figure 7.1. After the win-
dow, the scattered light is transmitted by the beamsplitter to the filter and
then collected by the collimator. However, as can be observed, the assem-
bly of collimator and FC/APC connector is too big and there is not enough
space for the optical fibre to bend at the minimum long-term bend radius.
Therefore, this option was not achievable.

1.1.2 Without optical filter. To overcome the problem encountered in the previ-
ous concept, an option without an optical filter was elaborated. That was
possible because the beamsplitter works as a filter as well for what concerns
the laser-line wavelength. However, it only has an OD equivalent to 4, which
is high for a typical beamsplitter, but can be insufficient for the required per-
formance of a Raman spectrometer. Anyway, this new configuration, shown
in Figure 7.5b, provides enough space for the fibre to bend. Although this
good achievement, investigation on optical benches breadboards are neces-
sary to verify the performance without an optical filter with a higher OD.

1.2 ®12.5 mm. The second way to fight the lack of space for the optical fibre to bend
in the centred window configuration was the use of smaller optical COTS. There-
fore, the beamsplitter and the filter were chosen with the diameter of 12.5mm, so
that some space could be saved. For this size of the components, the window was
designed with a diameter of 15mm, that increases up to 25mm on the inside of
the case, for mounting solutions. Figure 7.5c shows the option with this configu-
ration. The smaller lenses have a huge drawback, because they are available only
with a larger thickness so that also the mounting supports require more volume.
Therefore, even if some space it is still left, the optical fibre barely bends, by not
allowing some contingency space before the wall.

Furthermore, it is particularly important to underline that reducing the size of the
collection optics affects the signal of the Raman scattering. In fact, considering
the explanations given in Chapter 4 and in particular Equation (4.15) and Fig-
ure 4.3, it is evident that the performance of the Raman spectrometer is directly
proportional to the dimensions of the collection lenses. If they are reduced, also
the signal diminishes because both AD and ΩD decrease. In the same way, also
the resolution of the instrument worsens, because the light received at the de-
tector is less [Guldimann and Kraft, 2011]. That is why this configuration needs
major investigations on its performance before to ensure to satisfy the require-
ments.

2.0 Non-centred window. The allocation of the window can be also moved. In fact, the
previous configurations showed that a lot of space on the sides is wasted. However,
it was important to consider that this new concept requires a new optical component
between the optical filter and the collimator that was not taken into account so far: a
mirror. The introduction of this mirror allows the collimator to be moved in order to
gain the room necessary to connect it to the optical fibre and the spectrometer. The
whole discussion on the selection of the type and the size of the mirror is elaborated
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in next Chapter. Be aware that the same component could not be introduced in the
previous options with the centred window, because of problems of space to fit the col-
limator at the focus point of the mirror.

2.1 ®25 mm. With this new configuration, the choice of the size of the components
was again the biggest. Same stand for the window. Adding the mirror, Figure 7.5d
shows that the whole Raman spectrometer can comply with the requirement on
the size of 65mm×65mm×150mm, by making use of the system configuration
elaborated before, only by adding a mirror. Notice that a second option on the
size was not need for the non-centred configuration, because everything is shown
to fit with the bigger size.



8
DEFINITIVE DESIGN

Last Chapter presented the concept that is most suitable in order to fit all the components
in the available volume. Notice that this choice was derived by trial and error, trying to al-
locate the window in different positions and see which one allows to build the system and
performs the measurements. Moreover, different diameters of the optical components were
considered. Eventually, the most promising concept for the design resulted to be the non-
centred window with the dimensions of the optical components equal to 25mm, because of
the promise of a higher scientific return.

In this Chapter, the final design is elaborated, adding to the optical components their
mounting supports and presenting how they are integrated. This is part of Section 8.1. In
addiction, the definitive design of the Raman spectrometer does not only concern its assem-
bly and the integration of its components but it is important to consider how the system
has to be integrated into the IceMole probe too. Therefore, Section 8.2 deals with this as-
pect, by proposing a mounting procedure in order for the system to be operational within
the probe. Then, a primary consideration of the mass, power and data budgets of the Raman
spectrometer is presented in Section 8.3, so as to identify these characteristics for the suc-
cessive iterations of the design, when the power supply and the transmission of the collected
data will be elaborated. Eventually, a preliminary cost analysis of the system is presented in
Section 8.4, considering the cost of the COTS and making some assumptions on the cost for
manufacturing the designed supports.

8.1. FINAL CAD MODELLING
From Figure 7.5d, it was observed that the configuration with the non-centred window and
with the use of a mirror allows the Raman spectrometer to fit in the volume of
65mm×65mm×150mm imposed by the technical requirements of Table 3.3. At this point,
the definitive design was elaborated, which means that all the selected components were
assembled together in a final configuration, where the mounting supports and the mount-
ing procedures were added as well. This Section aims at presenting which procedure was
followed to derive and create the design and how all the components were assembled.

Case. The first component to be designed was a case that could contain all the components
and that has the required size. Figure 8.1 shows a rendering of this modelled component. The
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overall dimensions of the case point out the requirements and therefore were decided to be
equal to the available volume (65mm×65mm×150mm). As can be observed, the modelled
case presents a rectangular crown in the higher part of the object, while it only presents two
pads in the lower. This is because of mounting and size reasons: in the higher part, where
the hole for the window is, the optical components must be mounted, while the bottom part
hosts only the spectrometer and the laser, as they need direct access to the electronics and
the power supply provided by IceMole. Therefore, two of the four walls can be eliminated
saving some mass. The window hole is positioned non-centred, in accordance to the exit of
the laser beam. The holes for the screws and the mounting mechanisms were added in a
continuous process while designing and assembling the other components.

FIGURE 8.1: Rendering of modelled case

Mirror. As stated before, the main aspect of the non-centred configuration was the use of
a mirror that could transmit the filtered scattered light to the collimator by allowing at the
same time to have the components inside the case. The choice of the mirror was decided by
trying to fit the component in the assembly and verifying that the assembly of collimator and
connector at the right angle allows the fibre to bend and be connected to the spectrometer.

The first analysed option was a mirror that reflects the light at 90◦. This means that with
respect to the case the collimator is perpendicular to the other optical components. How-
ever, in this way the collimator would interfere with the position of the spectrometer. In-
stead, the 90◦ mirror can be turned about the vertical axis in order to reflect the light at the
same height of the case with respect to the chief ray of the optical components. However, in
order to get enough space for the collimator and the connector to fit in the design and not to
interfere with the other optical lenses, the mirror has to be too inclined with respect to the
direction of the light and the size needed to collect all the incoming light would be too big.
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FIGURE 8.2: Working principle of an off-axis
parabolic mirror [Edmund Optics,
2017e]

Therefore, the alternative was to consider
an off-axis parabolic mirror, whose work-
ing principle is shown in Figure 8.2. With
such a component, the light is reflected to
a focal point which is identified by an an-
gle and a y-axis offset. The effective fo-
cal length is measured on the axis that the
chief ray follows at the angle of the mir-
ror while a parental focal length is mea-
sured on the horizontal axis [Edmund Optics,
2017e].

First, it was taken into account a 45◦ off-
axis parabolic mirror. However, for a mir-
ror with a diameter of ∼ 25mm, the dimen-
sions of the component were too large to fit
in the amount of space available. Therefore,
the choice was turned towards the use of a
30◦ mirror. By trying to fit this type of mirror
in the assembly, it was successfully demon-

strated that the collimator and the connector can stay in the volume leaving enough space
for the optical fibre to bend towards the spectrometer. The optical component was provided
by Edmund Optics and it has a diameter of 25.4mm, an effective focal length of 27.4mm and
a parental focal length of 25.4mm. The last choice that had to be taken concerned the reflec-
tive coating, which has to perform in the same spectral range of the spectrometer. There-
fore, it was decided to rely on protected aluminium, which reflects the wavelength range of
400−1200nm [Edmund Optics, 2017e].

Optics Support. The optical components are very fragile and sensitive to temperature
changes and mechanical stresses, which are very strong for the testing sites of the IceMole
probe. Therefore, a support for the circular optical components was modelled to try to min-
imise these effects, by not mounting them directly. Notice that all the mounting supports
were designed by referring to Yoder Jr [2005], as primary source of examples.

The support for the optics is thought as a tube attached to one wall of the case by some
screws, in order to support all the lenses and minimise the stray light in the system, by guid-
ing the path of the scattered light. The modelled component is shown in Figure 8.3. The
external diameter is equal to 30mm and the wall has a thickness of 1mm. The bottom of the
tube is maintained with 1mm thickness in order to be able to mount the screws, whose po-
sition is dictated by the mirror alignment. Notice that in the tube two holes are created: one
small in the right side, which allows the laser beam to arrive at the beamsplitter, while the
other is big enough for the reflected light to be focused in the off-axis focal point. The latter
has a more difficult construction on a plane at 30◦ and depends on the actual alignment of
the mirror. Be careful that this hole was constructed according to a precise alignment of the
mirror, if that would be moved then the hole has to be moved too. Even in this case, the holes
for the screws and the mounting mechanisms were created in a continuous design process.
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FIGURE 8.3: Rendering of modelled optics support

Window and Support. Considering that the selected optical lenses have a diameter of
25mm, the window was designed with a diameter of 20mm. This choice depends on the nor-
mal projection of the beamsplitter lens at 45◦, which corresponds to a diameter of
25mmcos(45◦) = 17,68mm. As to simplify the manufacturing, this value was approximated
to 20mm, sufficient to analyse a large area of the ice sample. The window presents a thick-
ness of 8mm for mounting reasons. It indeed allows to maintain high optimal optical per-
formance, as represented by the characteristics of sapphire presented in Table 7.1.

FIGURE 8.4: Rendering of modelled window sup-
port and window

To mount the window to the optics sup-
port and the assembly, the same consid-
erations about the thermal and mechanical
stresses stand. Therefore, because of the sen-
sitivity of the window, the support was created
in a way that the window can be glued to some
tabs constructed on a circular mounting sup-
port which in turn is assembled to the optics
support with three screws. The window and
its support are presented in Figure 8.4. The
outer diameter of the support is equal to the
inner diameter of the optics support (28mm)
and the inner equal to the diameter of the
window. The tabs are 12 in a circular patter of
15◦ with a thickness of 0.5mm and a dimen-
sion of 1.5mm.

Beamsplitter and Support. The 532nm BrightLine© single-edge super-resolution laser
dichroic beamsplitter of Semrock was not provided as a STEP file by the producer. There-
fore it was designed as a pad of 1.1mm and a diameter of 25mm.

The mounting support of the beamsplitter was modelled with the same philosophy as
the support of the window, to minimise thermal and mechanical stresses for such a fragile
lens. However, the main aspect of this support is that it was built to be mounted at 45◦.
Therefore, the profile at this angle for the support is an ellipses with semi-minor axis equals
to the inner diameter of the optics support, the semi-major axis as 28mm·p2 =∼ 36mm and
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FIGURE 8.5: Rendering of modelled beamsplitter
support and beamsplitter

FIGURE 8.6: Rendering of modelled filter
support and filter

a thickness of 3mm. Then the lens is glued to the tabs, that have the same dimensions as the
ones for the window support. The support is presented in Figure 8.5 and assembled to the
optics support with two screws.

Filter and Support. Same as for the beamsplitter, the 532nm EdgeBasic™ best-value long-
pass edge filter of Semrock was not provided as a STEP file. Therefore it was designed as a pad
of 2mm and a diameter of 25mm.

The mounting support of the filter can be considered the same as the one for the win-
dow. However, the inner diameter is equal to 25mm and it has a thickness of 2.5mm. The
tabs for gluing the filter were modelled in the same way as for the other mounting supports.
The assembly of filter and its support is presented in Figure 8.6 and assembled to the optics
support with three screws.

Collimator and Support. The fixed focus collimator FC/APC was provided as a STEP file by
Thorlabs and it was assembled with the appropriate connector given by Thorlabs,

FIGURE 8.7: Rendering of modelled collimator sup-
port, collimator and FC/APC connector

in order to select the appropriate compo-
nent in the previous Chapter.

The mounting support was modelled
by considering the position that the colli-
mator has to stand to receive the reflected
light. Therefore it presents a particular
configuration, shown in Figure 8.7 in the
assembly with the FC/APC connector and
the collimator. It was modelled with a sur-
face at 60◦ that supports the collimator by
screwing it and fixing it with two slotted
set screws with cone point DIN EN 27434
M1.2×6mm. The support is assembled to

the case by two additional screws.
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Laser and Spectrometer. The selected laser and spectrometer were provided as STEP files
by respectively Cobolt and Ibsen producers. So they were directly assembled to the case on
the long walls. Notice that the laser beam has to be centred with the beamsplitter.

With the modelling of all the single components and their supports, it was possible to
assemble everything together and derive a final CAD model of the Raman spectrometer for
the IceMole probe.

First, the optical lenses were assembled together in the optics support via the screws. All
the optical components share the same axis, of course, and the position of each support is
defined by the position of the holes for the screws. All the screws are slotted set screws with
cone point, classified as DIN EN 27434. For the window they are three M2×4mm, for the
beamsplitter two M1.2×3mm and for the filter three M1.2×2.5mm. At the bottom of the op-
tics support, the mirror is placed, and both the support and mirror are assembled together
with the case by three 6-32 UNC screws (dictated by the design of the COTS mirror). Fig-
ure 8.8 shows the assembly of the optical components. The mounting procedure establishes
the order with which the components are assembled: mirror, filter, beamsplitter and win-
dow.

Then, this assembly and the remaining components were assembled together inside the
case. Figure 8.9 shows the final CAD model. As can be seen, the Ibsen spectrometer and
the Cobolt laser are mounted in the bottom part of the case. Notice that the spectrometer
occupies the entire long pad while the laser was positioned in such a way to centre the laser
beam with the centre of the beamsplitter and the window. To the spectrometer, the SMA
connector was added, as STEP file provided by Industrial Fiber Optics. The analysis system
is mounted to the case by three countersink raised screws (common head style)-type H DIN
EN ISO 7047 M3×6mm, while the laser itself presents a mounting plate, that is connected
to the case by two screws of the same type M3×4mm. Notice that four other holes are cre-
ated for screws with the diameter of M4.2mm, but appropriate components to be added to
the model were not found.

The optics support is aligned with the hole for the window and the holes for the screws in

FIGURE 8.8: Rendering of the assembly of the optical components
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FIGURE 8.9: Rendering of the final assembly



8.2. INTEGRATION INTO ICEMOLE 76

the bottom of the tube. Notice that these holes were created exactly to achieve an appropri-
ate angle for the focusing point of the mirror and cannot be changed without changing the
alignment between mirror and collimator, and therefore also the position of the hole (how-
ever, such American screws are not included in the assembly, because appropriate compo-
nents were not found). The support of the collimator is then positioned in such a way that
the collimator axis is coincident with the axis on which the focus of the mirror lies. However
it is not necessary for the collimating lens to be exactly in that point, because it has a large
numerical aperture (NA = 0.56). The collimator support is mounted with the case by two
slotted pan head screws with small head DIN 920 M1.2×5mm.

The final component that was created is the optical fibre: within the Wireframe and
Surface Design ambient in CATIA™, the spline connecting the point on the FC/APC con-
nector, tangent to it, and the one on the SMA connector, always tangent, and passing through
a generic third point was created. Then, through the Rib function the profile of the fibre
was created with a diameter of 1mm. With the function Measure, it was possible to verify
the length of the fibre needed, equal to ∼ 76mm and that the bending angle is never below
13mm as required by the specifications of the Thorlabs single-mode optical fibre.

The final technical drawings of the modelled parts can be found in Appendix B, while for
the COTS, the technical specifications and drawings are collected in Appendix A.

8.2. INTEGRATION INTO ICEMOLE
The Raman spectrometer was designed and assembled to fit in the miniaturised design of
the current IceMole generation with cross sectional area equal to 80mm× 80mm. Hence,
the case of the system allows that it can be directly integrated into the probe.

Once the Raman spectrometer is assembled, it can be integrated into the IceMole probe.
In order to do that, the design of the probe has to be changed from the current version: of
course, the length of the probe has to be increased so that it could carry the instrument,
and in one of the walls, the hole for the window has to be designed. Obviously, where the
instrument is exactly allocated within the rear back of IceMole (as explained in Section 6.1),
the walls do not have to present the conductive plates to perform the melting, not to damage
the instrument. The hole in the probe wall has to guarantee that the window can be glued in-
side of it. This process is allowed by the fact that the internal cross sectional area of IceMole,
considering the walls thickness of 4mm, is equal to 77mm×77mm. In fact, the instrument
case presents a smaller area, so that the mounting operations are possible. In order to ensure
the preservation of the position and therefore of the alignment of the optical components,
two additional holes for screws M4 were added in the modelled case, so as to allow to better
support the system attached to one of the wall of the IceMole probe (see Figure 8.1).

8.3. MASS, POWER & DATA BUDGETS
Once the final design was defined, it was possible to consider the total mass. This is calcu-
lated in Table 8.1. The values of the masses were computed directly by the CATIA™ software
with the function Measure Inertia: this function allows to input the density of the ma-
terial and obtain the mass of the single component. The Table indicates the material for
each component and its respective density, so as to determine the final mass. Notice that
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TABLE 8.1: Mass budget (some material components or masses are assumed)

Component Material Density [g/cm3] Mass [kg]

Window Sapphire 3.98 0.01
Support Window Invar 8.1 0.007
Beamsplitter Glass1 2.19 0.001
Support Beamsplitter Invar 8.1 0.005
Filter Glass1 2.19 0.002
Support Filter Invar 8.1 0.003
Mirror Aluminium1 2.7 0.012
Mounting Optics Invar 8.1 0.05
Collimator - - 0.022

Support Collimator Invar 8.1 0.009
Laser - - 0.33

Spectrometer - - 0.074

Case Invar 8.1 0.408
Optical Fiber Components - - 0.035

Total 0.927
Contingency 0.26

Total mass 1.127
1 Assumed material for COTS
2 [Thorlabs, 2017a]
3 [Cobolt, 2016]
4 [Ibsen Photonics, 2017]

5 Assumed weight for the optical fiber, the con-
nectors weigh 0.01kg each [Industrial Fiber Optics,
2017; Thorlabs, 2017b]
6 Considered for screws and for wrong assumptions,
∼ 20% of the total

for some components, such the lenses, the material was assumed to be glass (or aluminium
in the case of the mirror), while for the modelled supports the selected material was invar,
a space-qualified alloy that allows to have high thermal and mechanical properties. On the
other hand, the mass of the other remaining COTS were derived directly from the specifica-
tion sheets (Appendix A).

As can be noticed, the total mass is equal to 0.927kg, which is well below the require-
ment for a mass lower than 2kg (SYS-03-IM-02). However, in the first sum, the screws and
mounting systems are not considered, therefore an additional contingency of 200g needs to
be taken into account, also in the case of wrong assumptions. Therefore, the computed total
mass is 1.127kg, which makes sure that the system complies with the requirement.

For what concerns power requirement, the only components that need to be supplied
with power are the spectrometer and the laser. For this reason, they are allocated in the bot-
tom part of the case, in such a way that it is easier to access to the power bus of IceMole. The
laser receives the power via a DC plug 2.5mm/5.5mm female, while for the spectrometer the
electronics components for data and power management still have to be designed. The laser
requires 5V DC and a maximum current of 5A, therefore the maximum required power can
be computed from Ohm’s law P = V i = 25W. On the other hand, the spectrometer works
with a maximum of 16V and an operational current of 150mA (P = 2.4W) [Cobolt, 2016; Ib-
sen Photonics, 2017]. Therefore, it can be expected a maximum of required power equals
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TABLE 8.2: Cost budget

Component Company Cost

Beamsplitter Semrock
545$

483.11e

Filter Semrock
455$

403.33e
Mirror Edmund Optics 260e
Collimator Thorlabs 181e
Connector FC/APC Thorlabs 7.75e

Connector SMA Industrial Fiber Optics
5$

4.43e
Optical Fiber Thorlabs 13e1

Laser Laser2000 7500e
Spectrometer Ibsen 4295e

Total 13151.25e
Manufacturing Costs2 50000e
Contingency 2500e3

Total cost 65651.25e
1 Cost for 1m
2 Assumed for manufacturing the mod-

elled components
3 ∼ 20% of the total COTS cost

to ∼ 27.4W and the integration with the probe should provide at least this amount for the
system to operate.

The amount of data that the CCD spectrometer collects can be roughly estimated by con-
sidering the number of points that are identified in the spectrum divided by the spectral res-
olution of the instrument. The spectral range that arrives at the detector is 546.9− 700nm
(combination of the optical properties of the components) and the resolution is equal to
0.4nm:

700−546.9nm

0.4nm
= 153.1nm

0.4nm
≈ 383 (8.1)

Then, the Ibsen spectrometer converts the data in 16bit, therefore for each spectrum,
338 ·16bit = 6128bit = 766bytes are obtained. Finally, to obtain the data rate, this last value
has to be divided for the exposure time, which is supposed to be 10s. Therefore, the spec-
trometer transmits about 612.8bit/s.

8.4. COST ANALYSIS
With a view of defining how much this system could cost, an official quotation was required
to all the companies that provide the COTS. The costs are summed in Table 8.2. Notice that
some of the costs need to be translated from Dollars to Euro with a factor of conversion equal
to 1$ = 0.891384766e1.

As can be seen, the total amount required to buy the COTS is ∼ 13000e, but to this sum,
the cost for the manufacturing of the modelled components, such all the lenses supports, the

1Currency change rate on June 14th, 2017
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optics support and the case, needs to be considered. An estimate for these is assumed to be
50000e. This huge amount of money allows to have enough contingency for the system to be
built. Moreover, a contingency factor equals to∼ 20% of the total COTS cost can be taken into
account, in order to be sure that the funding for designing, manufacturing and assembling
the system would be sufficient. However, it is important to consider that at this point, the
cost for the testing campaigns are not included, but they actually represent a huge part of
the costs to build the system. They indeed guarantee the proper working of the system and
they validate its capabilities. Part of the amount considered for the manufacturing processes
can be considered to be used for testing, as its margin is very high, but however probably not
sufficient.
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9
VERIFICATION, VALIDATION & CALIBRATION

The systems engineering approach relies on a continuous process that needs to perform
verification and validation at each phase of the mission development. With the definition of
the critical design, it is possible now to discuss about this aspect of engineering.

Figure 9.1 represents the V-model, which is one of the typical graphical representations
of a system development life cycle. In this case, with respect to the NASA life cycle pre-
sented in Chapter 3, the V-model aims at highlighting the importance of decomposition and
integration in the process, while underlining the continuous verification and validation in-
vestigations that tie the two branches of the scheme during the design [Gill, 2015]. It is par-
ticularly important to notice that the validation and verification have to be performed at dif-
ferent level of the process, starting from the high-level requirements, to the subsystem ones.
However, although this model undoubtedly defines the development activities and their re-
spective testing, these activities are quite simplified, by illustrating them as sequential steps
rather that simultaneous and iterative.

FIGURE 9.1: V-Model [Gill, 2015]
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Verification is defined as the proof of compliance of the design solution specifications
with the requirements, while validation is intended as the proof that the product accom-
plishes the intended purpose dictated by the stakeholders’ expectations (from NPR 7120.5).
These two terms are usually conflicting and improperly exchanged, but it is important to un-
derline that one cannot substitute the other and that both the processes are needed to certify
the correct and appropriate working of the developed system.

This Chapter aims indeed at developing the discussion concerning Verification & Valida-
tion (V&V) activities, in order to ensure the Raman system design to comply with the require-
ments and to be appropriate to satisfy the customers’ need. Section 9.1 focuses on describing
a V&V plan, by correlate the requirements to the right verification method and by proposing
the testing that have to be effectuated. After that, Section 9.2 deals with the verification of
the proposed design, by evaluating the requirements already verified and underlining which
ones still need further investigation by means of a Verification Compliance Matrix (VCM).
Then, an important aspect of such an instrument is considered. A Raman spectrometer, as
well as all the spectrometers, has to be calibrated in order to obtain a high performance in
collecting the spectra. So, Section 9.3 deals with the reduction of the detectable known data
as well, in order to elaborate a spectrum that could give some additional information on
what can be found in ice, by not repeating what is already known.

9.1. VERIFICATION & VALIDATION PLAN
Verification concerns the engineering part, by checking if the system is well-designed, error-
free, etc., while validation wants to check if the system meets the customers’ requests. Ver-
ification determines if the system is working, while validation determines if it is valid. The
first process is a quite objective process, while validation is rather subjective, by relying on
assessments. In fact, the main differences between the two actions concern the references
used to check the correctness of an element, and the acceptability of the effective correct-
ness. In verification, the expected result and the obtained result are evaluated in a binary
mode (yes or no), while in validation, the result of the comparison may require a judgement
of value regarding whether or not to accept the obtained result compared to a threshold or
limit [SEBoK, 2013].

Typically, the words integration, verification, validation and testing are used in combi-
nation, so that within engineering the terminology of Assembly, Integration and Verifica-
tion (AIV) or Assembly, Integration and Testing (AIT) are commonly adopted. V&V aim at
guaranteeing the compliance of the system with the derived requirements and the stake-
holders’ expectations: first, the requirement validation is elaborated (are these the right re-
quirements?); then the models must be validated (are those correct?); to arrive to the product
verification (does the system meet the requirements?) and validation (is it the right system?);
so as to obtain the flight certification (is the system ready to fly?) [Gill, 2015][Larson et al.,
2009, pp.385-478].

For what concerns the validation of the requirements, it was already underlined how it is
important to be sure of having translating right the customers’ expectations. Hence, the re-
quirements have to be VALID, which stands for Verifiable (verification must be objective and
quantitative), Achievable (realistic), Logical (they need to present a logic derivation from the
higher level to the lower), Integral (complete) and Definitive (each requirement addresses
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only one aspect of the system design or performance) [Larson et al., 2009, p.392]. The re-
quirements presented in Tables 3.2, 3.3 and 5.2 were indeed derived by considering these
aspects. In fact, they all are VALID, as underlined by their rationales.

The models are instead employed in order to accomplish requirements analysis, system
synthesis, design and development, verification and to simulate operations of the system.
Among the several models, there can be distinguished the physical, graphical, mathemati-
cal and statistical models that are employed at different phases of the project [Larson et al.,
2009, p.398]. So far, even in this work, different models were used to carry on the analysis
of the system, such as the CAD model itself, the FFBDs and the representative drawings, for
example. However, at this point, new models have to be elaborated to perform the product
V&V.

Hence, a product V&V plan has to consider different aspects, such as: validate the per-
formance and its functionality, establish V&V requirements, assess the system according
to its mission scenario and the interaction among hardware, software, people and proce-
dures [Gill, 2015]. The conventional V&V methods are the following [Firesmith, 2013][Larson
et al., 2009, p.415][NASA, 2007, p.86]:

• Analysis, by using technical and/or mathematical models or simulations, scientific
principles and procedures, which can be used when the accurate analysis is impos-
sible, the testing is not cost-effective and inspection is not adequate.

• Demonstration, by the visual examination of the execution of a work product, it helps
in visualising the correct working of the system.

• Inspection, by the visual examination of a non-executing work product, which is ap-
propriate in the case of drawings, documents or data. Usually, it allows to verify phys-
ical design features or manufacturing identification.

• Testing, by the stimulation of an executable work product with known inputs and pre-
conditions followed by the comparison of its actual with the required response. It is
often the preferred method in V&V.

The verification methods for this project were already indicated in the requirements Ta-
bles before, in order to explain how each of them can be validated and verified. Table 9.1
summarises all the requirements with the respective V&V methods and the rationales for
which that method was selected.

The Table shows that a new model has to be built in order to perform the verification
on these aspects. Generally, for optical systems, a first model used for testing the perfor-
mance and the compliance with the requirements is an optical breadboard. Then to this
breadboard, structural, optical and thermal models can be applied, so as to verify the com-
pliance with the customers’ expectations. The testing have to be agreed within the research
group working on the IceMole probe and the scientists in order to decide which are the best
ways to evaluate the performance of the Raman spectrometer and its compliance with the
requirements. For sure, a first demonstrator has to be built on which the optical compo-
nents can be mounted to verify the optical properties, that the excitation laser wavelength
is transmitted correctly and that the scattered light arrives at the spectrometer and can be
analysed. These testing are to be performed in an optical laboratory. Other necessary test-
ing concern the environmental conditions that the Raman spectrometer has to stand. These
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TABLE 9.1: V&V of requirements
(A) V&V of top-level missions requirements (Table 3.2)

Req.ID Topic VM Rationale

SYS-01 In situ mea-
surements

D The capability of the system to actually perform mea-
surements in situ can only be verified by a demonstra-
tion: by the use of a prototype, the instrument can en-
sure its proper working directly in situ

SYS-02 Biosignatures
identifica-
tion

A,T The capability of detecting biosignatures can be proved
by analysis of the characteristics of the spectrometer,
along with some optical testing performed on a model
(probably a breadboard), that can verify the system to
detect, at least, known biosignatures

SYS-03 Miniaturisation A,I The miniaturisation aspect is verified already by the
CAD model, but during actual assembly can be verified
by inspection

SYS-04 Terrestrial
application
of IceMole

T To simulate the working of the system in the terrestrial
application sites of the IceMole probe, environmental,
thermal and pressure testing are necessary

SYS-05 Autonomy D With a demonstrator, the system can be verified to work
without the need of human interface

SYS-06 Contamination T The contamination level can be examined by testing

(B) V&V of technical requirements (Table 3.3)

Req.ID Topic VM Rationale

SYS-03-
IM-01

Dimensions A The dimensions of the final model are evaluated by the
CAD model, by means of analysis

SYS-03-
IM-02

Mass A The mass of the final model is evaluated by the CAD
model, by means of analysis

SYS-03-
IM-03

Power bus A The power bus can be derived from the the electron-
ics that has to be designed and the specifications of the
components

SYS-03-
IM-04

Power con-
sumption

A The power consumption as well can be derived from the
electronics that has to be designed and the specifica-
tions of the components

SYS-04-
IM-01

Pressure T Pressure standing is determined by environmental test-
ing

SYS-04-
IM-02

Temperature T Temperature standing is determined by environmental
testing

SYS-05-
IM-01

Communica-
tion protocol

A,D Communication is verified by analysis of how the elec-
tronics to be designed transmit data and by the demon-
stration of how the signals are transmitted

SYS-06-
IM-01

Sterilisation
protocol

T The sterilisation level can be examined by testing



9.2. VERIFICATION OF THE PROPOSED DESIGN 85

(C) V&V of payload requirements (Table 5.2)

Req.ID Topic VM Rationale

SYS-01-
RS-01

Independent
measure-
ments

D,T The verification that the system is able to perform the
measurements without being conditioned by the previ-
ous ones can be achieved with testing and a demonstra-
tor that has to show that each measurement is not con-
taminated by the preceding

SYS-01-
RS-02

Integration
time

A,T The integration time is determined by the characteristics
of the components and the successive testing to achieve
the performance

SYS-01-
RS-03

Calibration T Calibration is achieved during testing, better explana-
tion can be found in next Section

SYS-02-
RS-01

Stokes range A,T The Stokes range that the system is able to detect can be
obtained by the analysis of the specification of the com-
ponents and by the optical tests

SYS-02-
RS-02

Spectral res-
olution

A,T The spectral resolution that the system is able to detect
can be obtained by the analysis of the specifications of
the components and by the optical tests

SYS-02-
RS-03

Laser wave-
length

A,T The excitation laser wavelength that the system is able
to detect can be obtained by the analysis of the specifi-
cations of the components and by the optical tests

include temperature changes, pressure changes, mechanical stresses, conditions of humid-
ity and they are to be performed sequentially, one after the other, in order to verify that the
performance of the spectrometer is maintained the same along all conditions. Those tests
require controlled pressure and temperature testing chambers in which all the environments
can be simulated. Then, of course, the testing should also include the probe and the testing
has to be done on the assembly of the Raman spectrometer and IceMole. With the integra-
tion, the tests to be performed are the same as for the single instrument, but at this point the
outcome should include the behaviour of the system within the assembly and at the end of
these testing it has to be possible to have a working Raman spectrometer that could be used
in the terrestrial deep ice applications of IceMole.

9.2. VERIFICATION OF THE PROPOSED DESIGN
The final design of the spectrometer presented in Chapter 8 was derived by following the
requirements and by considering the compliance with them. Therefore, it can be said that
the Raman spectrometer presents a size of 65mm× 65mm× 150mm and an overall mass
of ∼ 1.125kg; it excites the sample with a laser wavelength of 532nm and it is able to mea-
sure the spectral range 546.9− 700nm with an accuracy of at least 0.4nm, combination of
the characteristics of the optical components (beamsplitter, filter, collimator, optical fibre
and spectrometer). Those performances are supposed by analysing the characteristics of
the components, but only testing can ensure them.
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However, as was underlined, not all the requirements derived in the first part of this work
were addressed during the project: above all, the data transmission and the power supply of
the instrument were not considered during the proposal of the design of the Raman spec-
trometer, therefore those have to be part of a successive design phase in which these inte-
gration aspects are elaborated. Instead, with the final modelling of the system, the aspects
that can be verified are the technical requirements concerning dimensions, mass and tem-
perature and pressure standing, and the optical performances of the payload requirements.

In order to summarise the state of verification of the proposed design, a Verification
Compliance Matrix (VCM) is elaborated in Table 9.2. In this matrix, each requirement is
associated to the state of compliance: C if compliant, C* if compliant but need further in-
vestigations, NC if non-compliant and - if not applicable at this project level. As can be
observed, the VCM reflects the VM explained in Table 9.1. In fact, the requirements whose
compliance level is not applicable at this point of the project are those that require further
testing or demonstration. Also for the payload requirements, even if the components were
chosen to comply with them, further investigation is necessary to ensure the optical perfor-
mances of the system.

TABLE 9.2: Verification Compliance Matrix (VCM)
C stands for compliant, C* for compliant but need further investigations, NC for non-
compliant and - for not applicable at this project level

Req. ID Topic
Level of

Compliance

SYS-01 In situ measurements -
SYS-02 Biosignatures identification -
SYS-03 Miniaturisation C
SYS-04 Terrestrial application of IceMole -
SYS-05 Autonomy -
SYS-06 Contamination -

SYS-03- IM-01 Dimensions C
SYS-03- IM-02 Mass C
SYS-03- IM-03 Power bus -
SYS-03- IM-04 Power consumption -
SYS-04- IM-01 Pressure -
SYS-04- IM-02 Temperature -
SYS-05- IM-01 Communication protocol -
SYS-06- IM-01 Sterilisation protocol -

SYS-01- RS-01 Independent measurements -
SYS-01- RS-02 Integration time C*
SYS-01- RS-03 Calibration -
SYS-02- RS-01 Stokes range C*
SYS-02- RS-02 Spectral resolution NC
SYS-02- RS-03 Laser wavelength C
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9.3. CALIBRATION & DATA REDUCTION
One of the payload requirements that was not addressed in the previous discussion is the
following:

SYS-01-RS-03 The system shall be calibrated before and after each measurement.

Calibration is the process of comparing measured values with those of a standard of
known accuracy. Therefore, calibration is that process that allows to eliminate, or at least
minimise, those factors that can bring to inaccurate measurements [Advanced Instruments,
2017]. The formal definition of calibration is given by the Bureau International des Poids
et Mésures - International Bureau of Weights and Measures (BIPM) in the international vo-
cabulary of metrology which states that it is the operation that, under specified conditions,
in a first step, establishes a relation between quantity values with measurement uncertainties,
and, in a second step, uses this information to establish a relation for obtaining a measure-
ment result from an indication1.

Calibration is therefore an essential process which is required in several cases: for a new
instrument, for a repaired or modified instrument, when during the measurements a critical
event occurs (such as shocks, vibrations or physical conditions that have not been expected),
or when the customers’ expectations change [Wikipedia, 2017b]. The calibration is a process
that has to be performed several times during the lifetime of the instrument because of the
effects of time: the optical lenses degrade and misalignment can occur because the system
can be subjected to mechanical and thermal stresses. This implies that the output of the
measurements can change over time, which is the reason why calibration is fundamental.
Furthermore, it is also a measure of the instrument accuracy, by analysing the error between
the calibrated spectrum and the obtained one, so that the system can be classified.

A general procedure to calibrate an instrument does not exist, because it depends on the
system itself and on its characteristics and requirements. However, it can be stated that typ-
ically, calibration involves the instrument to be used to detect test samples that are called
calibrators. In this way, the instrument can register the data for each calibrator so as to cor-
relate some specific points within the instrument spectral range, in order to teach the instru-
ment to provide accurate results. Ideally, the more the calibrators used for the process, the
higher the level of the performance; but the effort in register all the test samples would be
huge, therefore a trade-off between the level of performance and this effort in testing has to
be considered [Advanced Instruments, 2017; Wikipedia, 2017b].

For dispersive spectrometers, such the one under discussion, the calibration usually con-
cerns the Raman shift scale by recording a well-known spectrum with narrow spectral bands.
This is the most used direct calibration process, but it presents great drawbacks when it is
important to quantify the detected substances. It is a method that involves different stages:
first, the wavelength range of the spectrum is represented, then the approximate positions
of prominent reference lines (like water in the case) are determined, so as to be able to com-
pute the exact pixels positions and wavelengths of the entire set of reference lines; eventu-
ally, the entire abscissa of the spectrum is mapped. Another calibration method is by us-

1International vocabulary of metrology — Basic and general concepts and associated terms (VIM), 2008, ac-
cessible at http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2008.pdf.

http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2008.pdf
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ing atomic emission spectra, which derive by the emission of an ordinary calibration lamp,
whose lines are narrow, well-defined, intense and distributed over a large range in the visible
spectrum [Gauglitz and Vo-Dinh, 2006; Mann and Vickers, 2001][McCreery, 2000, pp.251-
292][Perret and Balber, 2011].

For an application such the one of this project, the calibration of the Raman spectrometer
can be performed by registering the emission lines of a sample whose spectra is well-known
and can be expected to be measured in the icy environments. Therefore, the most promising
calibrators in this sense are ice, the material of the probe walls and some biosignatures that
can be expected to be registered, the ones that lie in the spectral range of the payload re-
quirements. In such a way, the systematic errors that can occur during the operations can be
eliminated and the results can be more accurate, because the non-linear effects are reduced.
For the reasons explained before, this process has to be repeated every time the probe is out
of the ice, before each ice testing campaign, in order to assure the instrument to provide suc-
cessful and trustworthy results.

If, during testing, it is observed that this type of calibration is not sufficient, another
method of calibration can be proposed: the auto-calibration. This method relies on record-
ing the data measured by the instrument and register the most prominent features. If needed,
this process could be used during the operations of IceMole but it would require a large avail-
able amount of data to be recorded and enough processor capability to perform the calibra-
tion.
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TECHNOLOGY ROADMAP TO SPACE

MISSIONS

As underlined several times during this project, the proposed design deals with the terres-
trial deep ice applications of the IceMole probe. In fact, the EnEx mission has not defined an
aim and a schedule for space exploration missions yet, although the name of the initiative
itself gives faith that this will be its future, even because of the studies conducted at ISTA in
Munich (see Chapter 2 for better explanation). The applications on Earth are mainly due to
the fact that the cost of the initiative can be maintained low and because that technologies to
create space environments for testing are very challenging to achieve. The aim of this Chap-
ter is to consider the whole discussion that brought to the definitive design of the Raman
spectrometer and understand if and how much valid it is in the case the EnEx initiative will
be moved towards a space objective.

In the context of the IceMole probe, a life detection instrument is now required because
ice has been identified as a promising preserving means of ancient living forms. In fact, Price
[2007] underlined how the characteristics of ice may have preserved some habitats for life.
First, the ionic compounds are insoluble in the structure of ice and they can therefore be
used by micro-organisms for their metabolism. Second, ice in contact with minerals creates
a thin film of unfrozen water that the micro-organisms can use to extract energy from redox
reactions. This theory is also supported by the theory of the Snowball Earth, which states
that because of the reduced luminosity of the young Sun, the terrestrial planet may have
been covered with ice during its early history, when life arose [Bada et al., 1994].

This discovery relates to where liquid water, one of the the primary elements related
to life, was found, or is supposed to be, in space. Those are the reasons why astrobiol-
ogy, i.e. the study of the origin, evolution ad distribution of life in the Solar system and
beyond [Domagal-Goldman et al., 2016; Horneck et al., 2016] has turned its attention to-
wards the icy moons Europa and Enceladus and the polar caps of Mars. In fact, the polar
caps of Mars have always been known to be formed by water ice and the so-called dry ice,
since observations with ordinary telescopes. In the same way, the spectrum of Europa has
always pointed out the presence of a water ice crust. For the smaller moon Enceladus, it was
the spacecraft Cassini to demonstrate the presence of a cryovolcanic active province at the
South pole from which traces of ice elements were detected [Dachwald et al., 2013; Domagal-
Goldman et al., 2016; Greenberg, 2009; Horneck et al., 2016; Procket and Pappalardo, 2007].

89



10.1. ICY MOONS AND MARS’ POLAR CAPS 90

Section 10.1 hence presents these planetary bodies with their characteristics and ex-
plains why they are so interesting. Sections 10.2 and 10.3 evaluate respectively the derived
requirements and the proposed design with respect to the space icy environments, in order
to analyse what is still valid for space missions and what instead would have to be changed.
Moreover, it is discussed at which point of the technology roadmap the proposed design is,
what can be adapted to space and what needs further investigation.

10.1. ICY MOONS AND MARS’ POLAR CAPS
For what concerns the Solar system, the most promising planetary bodies that have been
identified for the chance of having preserved living micro-organisms are Mars and the so-
called icy moons Europa and Enceladus. All three celestial bodies are presented in Fig-
ure 10.1 and their characteristics are summarised in the following.

Thanks to the technology of ordinary telescopes, Mars has always been known to pos-
sess two permanent ice polar caps similar to the terrestrial ones, since the observations of
the astronomer Cassini in 1666. It was then thanks to the exploration missions towards the
red planet and the landers employed on its soil that it was observed that those two caps are
made primarily of water ice but they can also be covered by dry frozen carbon dioxide. These
caps are subjected to seasonal changes, similar to the terrestrial ones, because of a similar
obliquity to the orbit: according to if the pole finds itself in the darkness or not, the CO2

respectively freezes or sublimes [Mellon et al., 2004]. However, so far no evidence of liquid
water has been found on the surface, although some features allow to speculate an old exis-
tence of surface liquid water in the geological history of the planet [Dachwald et al., 2013].

Jupiter’s sixth-closest-moon Europa was the topic of the extensive literature study that
can be found in Russano [2016]. It is nowadays the most interesting celestial object in the
Solar system, because thanks to the amazing achievements of the Galileo mission, it was
proven to be the most promising environment in space to harbour life. In fact, the moon has
demonstrated to possess all the elements that allow life to arise: liquid water, organic com-
pounds and energy. Liquid water can be found in a form of a subglacial ocean at a ∼ 150km
depth under the icy crust, which can shield potential living forms from the strong Jupiter

(A) Mars’ North polar cap
(Credits: NASA/JPL-Caltech/MSSS)

(B) Europa
(Credits: NASA/JPL/Ted Stryk)

(C) Enceladus
(Credits: NASA)

FIGURE 10.1: Icy environments in space
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TABLE 10.1: Orbital and physical characteristics of icy environments in space [Lissauer and
De Pater, 2013; Procket and Pappalardo, 2007]

Europa Enceladus Mars

Mean Radius 1560.8±0.5km 252.1±0.2km 3389.9km
Mean Orbital Radius1 671100km 238037km 1.524AU2

Mass 4.8017×1022 kg 1.0794×1020 kg 0.64185×1024 kg

Orbital Period 85h
(3.551 Earth days)

32.88h
(1.370 Earth days)

1.88years

Inclination/Obliquity
to orbit

0.47◦3 0.019◦4 25.19◦

Geometrical Albedo 0.67±0.03 1.375±0.008 0.150

Surface Temperature 53−113K
32.9 − 145K
90−155K5 ∼ 150K6

Surface Pressure 10−12 bar n.a.7 0.00636bar
Surface Gravity 1.314m/s2 0.113m/s2 3.758m/s26

1 Respectively from Jupiter, Saturn and Sun
2 Where 1AU = 1.496 ·108 km [Lissauer and De Pater, 2013]
3 To Jupiter’s equator
4 To Saturn’s equator

5 At the tiger stripes
6 At polar caps
7 Probably ∼ 10−7 −10−4 bar

radiation. Organic and energy-rich compounds can be observed by the particular colour
of the surface features. The energy is sustained by the tides created by the resonance with
Ganymede and Callisto and due to the eccentricity of its orbit, phenomena that make Europa
an active celestial body [Dachwald et al., 2013; Greenberg, 2009; Procket and Pappalardo,
2007].

On the other hand, the Saturn’s moon Enceladus is quite smaller than Europa, but
presents a similar composition. It is the primary future target of EnEx initiative, because,
although Europa is probably the most interesting target, Enceladus could allow easier ac-
cess to its subsurface source of material. It was deeply presented in the literature study in
Russano [2017]. As already said, the South polar region of this moon presents a particular
feature. It is characterised by the presence of an active region of cryovolcanism, i.e. a repre-
sentation of low temperature volcanic activity, where organic compounds escape from four
fractures in the ice, known as tiger stripes. The composition of these plumes was detected
by the spacecraft Cassini, whose measurements allow to speculate on the presence of a sub-
ocean below the moon icy crust. Moreover, this region presents no impact craters and the
release of internal heat was observed, by highlighting the possibility of geological activities
sustained by tidal forces created by orbital resonance with the moon Dione [Dachwald et al.,
2013; Ingersoll and Pankine, 2010; Konstantinidis et al., 2015a; Porco et al., 2006].

10.2. EVALUATION OF THE REQUIREMENTS
Considering the three different scenarios that could be faced if the EnEx mission is moved to-
wards these icy environments in space, in Table 10.1 the physical and orbital characteristics
of the three celestial bodies identified as the most promising are summarised. By referring
to this Table, it is possible to underline how the two icy moons and the red planet repre-
sent very harsh environments, which present very low temperature and pressure conditions,
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making difficult the operations of the engineered landers, probes and instruments. Further-
more, even the surface gravity conditions for all the three scenarios are very low with respect
to terrestrial gravity, which implies a more challenging environment to perform the ice pen-
etration with the IceMole probe.

Therefore, there are three different scenarios, one for Europa, one for Enceladus and one
for the polar caps of Mars, that have to be analysed in order to decide what needs to be
changed if the designed Raman spectrometer has to be adapted to those conditions. First of
all, the analysis concerns the evaluation of the requirements that were derived considering
the terrestrial applications. Now that space harsh icy environments are taken into account,
some of them have to change.

Talking about the top-level missions requirements of Table 3.2, most of them are still
valid: the aim of the project is still to be able to perform measurements in situ, now more
than ever, because there is no chance to bring the samples back to Earth; the instrument has
to be able to the detect biosignatures; and it still has to comply with the design of the IceMole
probe. Of course, one of the requirements that has to be changed is the following:

SYS-04 The system shall work in the terrestrial applications of IceMole

Obviously, this requirement cannot be valid for space applications by definition. This sen-
tence will have to be removed from the list of the requirements or will be changed in such a
way to define which one of the three scenarios is considered. In fact, from this requirement,
the majority of the technical requirements derives, which therefore will be changed accord-
ingly. The requirement on autonomy

SYS-05 The system shall operate autonomously

will gain even more importance in space. In fact, the autonomy of operations is an essential
condition when speaking about space missions. Either for Mars, that is the closest planet
to Earth, either for Europa and Enceladus which are in the outer Solar system, it is funda-
mental to be aware that the communication link with the ground control centre on Earth is
limited by several aspects, which determine the communication window and the delay in
transmission. Hence, it is impossible to think that commands or data can be transmitted
simultaneously. The contamination requirement

SYS-06 The system shall comply with NRC Antarctica CoC recommendation 7

it will be very important for planetary exploration. Obviously, the recommendation will not
be the same, but it will concerns the celestial bodies under discussion. For example, for Eu-
ropa a planetary protection recommendation has been set by the NRC, in order to preserve
its potential in harbouring life, which states that the maximum acceptable level of risk of
contaminating the moon should be at maximum 0.1% [Greenberg, 2009, pp.323-354].

On the other hand, the technical requirements of Table 3.3 are the ones most affected by
the change of the conditions of the scenarios. As already stated, the majority of the require-
ments derives from the compliance with the design of the IceMole probe and with the oper-
ational environments of the probe. Assuming that the design of IceMole will be maintained
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the same as the one of the latest generation of the probe, the requirements that have to be
discussed are the ones that derive from SYS-04, that was already discussed to be changed
above. Therefore,

SYS-04-IM-01 The system shall operate under atmospheric pressure

is the requirement that mainly has to be carefully changed. Table 10.1 shows how the surface
pressure conditions of Europa, Enceladus and Mars are extremely different with respect to
the terrestrial ones. Going from the highest pressure to the lowest, the almost total absence
of atmosphere of the planet makes the pressure of Mars already of a value ∼ 102 −103 times
less than the one of Earth, while for Enceladus and Europa the situation is even worse, with
values in the order of 10−12 −10−7 bar. Therefore, the instrument will have to be validate for
vacuum conditions, because even if it is inside of the probe, where some pressure will always
be present, the conditions would not be as the terrestrial ones and considering a safety mar-
gin, it would be better to have the system designed for vacuum.

SYS-04-IM-02 The system shall work in a temperature range between −15 and 15 ◦C

As well as the pressure conditions, the temperature conditions for the celestial bodies are
very different from the terrestrial ones. In fact, the temperature at polar caps of Mars is
∼ 123.15◦C, at the South polar region of Enceladus −183.15 to −118.15◦C and at Europa
−220.15 to −160◦C, which represent extremely harsh environments. Even in this case, it can
be considered that the Raman spectrometer is placed inside the probe, which can shield in
part the system. However, the above requirement has to be changed in order to assure the
working of the system, by lowering the lower threshold: probably a good requirement would
be to ensure the correct functioning of the system until at least −50◦C. About the environ-
ment standing requirements, for what concerns the space mission, it would be furthermore
important to consider other conditions that do not concern on Earth, such as the magnetism
of the celestial bodies and the radiation that can affect the instrument. This discussion is
above all important when considering a mission towards Europa, which has a self-sustained
magnetic field [Khurana et al., 1998] and receives a huge amount of radiation coming from
Jupiter. The last technical requirement that still has to be discussed and changed is of course:

SYS-04-IM-03 The system shall not be space-qualified yet

It is evidently not possible to have such a requirement. The system will have to undergo all
the procedures that will certify its space-qualification.

Last set of requirements are the payload requirements of Table 5.2. In this case, the per-
formance of the payload is assumed to be maintained even in the space applications. It was
indeed dictated by the scientific team and in the case of the change of the objective, it will be
their job to communicate how the performance will have to be changed. Only one require-
ment among the derived ones needs to be discussed in the case of space missions. It is the
following, concerning calibration:

SYS-01-RS-03 The system shall be calibrated before and after each measurement

As can be imagined, the calibration would not be possible in situ, therefore the instrument
will have to be carefully calibrated on Earth before launch, but because of this complication,
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it will probably rely on auto-calibration, as discussed in Section 9.3.

10.3. EVALUATION OF THE PROPOSED DESIGN
With the change of the requirements, it is evident that the design of the instrument will have
to be changed as well, because the process followed during this work was indeed derived
from the customers’ needs and expectations and the requirements. In fact, the proposed de-
sign aims at complying with these and in case of modification, it is very likely that some of
the design choices described in Chapters 6, 7 and 8 have to re-discussed and/or changed.

The first point to analyse is if the components that were selected for the design of the Ra-
man spectrometer are space-qualified as well. Space-qualification is determined by a series
of procedures and testing that would have to be performed on the components by the de-
veloping company or during integration and assembly. At this point, the space-qualification
was not a requirement, therefore it is possible that some of the selected components can-
not be used in space missions, but this is something to be determined. In the case some
of them will be in this situation, the alternatives could be: one, it can be possible to look
for new components that are already space-qualified; two, it can be considered to do space-
qualification during the integration; or three, COTS can be dismissed and the components
can be designed, modelled and space-qualified directly by the research group.

Traditionally, all the selected optical components can be used in space: the filter, the
beamsplitter, the collimator and the optical fibre are components that have been already
used in space for instruments such the one under discussion. For the modelled compo-
nents, invar was selected as their material, so as to stand harsh conditions. It is an already
space-qualified material that has been used in past missions. Sapphire can be used in space
as well. However, it is important to consider the temperature and pressure conditions, that
may imply some further changes in the design, because of stronger temperature gradients
and stronger pressure gradients, that can create higher thermal stresses. Therefore, the de-
sign of the mounting supports could need some adaptations to the new requirements, but
this could be evaluated only during testing. Therefore, the only components to be discussed
are the spectrometer and the laser. Both the categories of the components are plenty of
heritage of space applications, so, in case the respectively Ibsen and Cobolt components do
not meet the space-qualification criteria, other solutions can be found on the market. For
what concerns the spectrometer, it was already underlined that some precautions need to
be taken for the terrestrial applications, therefore also for the space missions, similar analy-
ses must be done, increasing the standing temperature range until the value of −50◦C. The
same can be said for the laser.

Considering these points, the proposed design cannot be used in space as it is, but it
still needs to be improved. Future steps in the roadmap to space will be for sure the envi-
ronmental testing and the measurement of the contamination risk. For what concerns the
harsh condition standing, it will be particularly challenging to understand how the so-low
pressure will be stand and how the environments will affect the optical performances of the
instrument. The points listed are the critical steps to be investigated for the future of this
project for the characterisation of the design for Mars, Europa and Enceladus missions.
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CONCLUSIONS & NEXT STEPS

EnEx is a collaborative project among six German universities, funded by DLR. Its aim fo-
cuses on deep ice applications on Earth of a subsurface steerable probe with autonomous
navigation. The navigation solution is integrated into the IceMole probe, developed at FH
Aachen University of Applied Sciences since 2008. It is a manoeuvrable subsurface system
for clean in situ analysis and sampling which combines melting with a hollow rotating ice
screw. The most recent generation of the probe is a miniaturised version of the previous
generation, with a cross sectional area of 80mm×80mm, a length of 450mm and a power
consumption of ∼ 5kW.

The exploration of deep ice has become very important for biology, because ice has
demonstrated to present the right characteristics to preserve living forms. Therefore, it is
now important to develop a payload for the IceMole probe that is able to identifying poten-
tial living micro-organisms, by detecting their biosignatures. This MSc thesis focused indeed
on designing a Raman spectrometer in order to achieve this goal.

This Chapters aims at summarising the results achieved during the project for the design
of the instrument, by underlining the process followed. Furthermore, it gives some recom-
mendations that need to be taken into account for the future development and applications
of the Raman spectrometer.

11.1. CONCLUSIONS
The design process of the instrument followed a systems engineering approach by setting
as first step the derivation of the requirements from the customers’ needs and expectations.
The key drivers were related to the miniaturised design of the system and the harsh condi-
tions in which the Raman spectrometer will have to work, which mainly represent the tech-
nical system requirements. The payload requirements were particularly important for the
development of this thesis as well, because they define the characteristics that the Raman
spectrometer has to meet. They were derived with the help of a team of DLR experts of the
Institute of Planetary Sciences and the Institute of Optical Sensor Systems, who expressed
their needs in order to obtain valuable results during measurements.

The analyses of the Raman spectrometer will be performed during IceMole terrestrial
deep ice applications and the instrument will observe the sample through a window in the
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walls of the probe. This operational scenario obviates the problems related to design and
sterilise a pumped system for collection and removal of the sample.

The proposed design arranges the system in a 180◦ configuration, which means that laser
light and scattered light are respectively delivered and collected on the same axis. The design
employs as many COTS as possible, in order to maintaining the cost low and to decrease the
schedule time. The final model presents some main components that were selected through
extensive reasoning. The sapphire window allows to stand critical pressure and it is very
hard, by maintaining at the same time a high transmittance in the visible range. The laser
excites the sample with a wavelength of 532nm, which is the best compromise in terms of
performance in detecting biosignatures, availability and cost of the components and danger
of the laser itself. Then, the dichroic beamsplitter at 45◦ allows to reflect the laser light to-
wards the sample and to transmit its scattered light. The long-pass edge filter transmits only
the interesting Stokes range by rejecting the laser-line. The 30◦ off-axis parabolic mirror re-
flects the scattered light and focuses it in a precise point where the collimator collects the
light. The light is then transmitted via the optical fibre to a COTS CCD spectrometer.

In conclusion, the final outcome of this thesis was a CAD model elaborated in the soft-
ware CATIA™ of a miniaturised Raman spectrometer that could be used in the deep ice
applications of the IceMole probe in the context of EnEx initiative. The instrument relies
on the use of COTS, that were selected through extensive trade-offs. As the project followed
a system engineering approach, the design complies with some of the technical and scien-
tific constraints, without the need of further testing. The CAD model allowed to identify the
best configuration for the components inside the instrument: the ultimate size of the Raman
spectrometer is 65mm×65mm×150mm and the overall mass is ∼ 1.125kg. The instrument
excites the sample with a laser wavelength of 532nm and it is able to measure the spectral
range 546.9−700nm with an accuracy of at least 0.4nm, combination of the characteristics
of the optical components (beamsplitter, filter, collimator, optical fibre and spectrometer).

This result allows to positively answer to the main research question of the project which
aimed at investigating the possibility of designing a Raman spectrometer that could comply
with the constraints dictated by IceMole. The proposed design was successful in answering
this: the instrument complies with the strict requirements on size, mass and environmental
conditions and it ensures the required payload performances. In fact, although this project
dealt with the main topic of miniaturisation, it was possible to satisfy the requirements by
the only means of COTS, without losing any performance (except for the spectral resolution,
which is anyway very close to the required one).

11.2. RECOMMENDATIONS AND NEXT STEPS
The design of the Raman spectrometer was elaborated with the aim of being integrated into
the new generation of the IceMole probe. The outcome of this MSc thesis demonstrates that
this can be successfully achieved. To this end, some future steps are presented hereafter.

In order to be able to check the compliance of the system with all the derived require-
ments, the proposed design will be fully verified and validated, by following the preliminary
proposed V&V plan. In fact, V&V is fundamental in systems engineering in order to have
a result that works properly, that complies with the requirements and that allows to satisfy
the customers’ needs and expectations. The proposed V&V plan identified an optical bread-
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board as a promising model to evaluate the optical performances. Its development will be
the first step in the future of the project.

The other main step for the system will be the integration into the IceMole probe. To this
end, a new generation of IceMole will be designed, so that it could host the payload. The
length of the probe will be increased and the window in the walls will be modelled, in or-
der to guarantee to the spectrometer to perform its measurements. Further investigations
on the integration into IceMole will concern the electronics and the power supply. On one
hand, for the electronics, the management of the data acquired from the measurements will
be mainly influenced by the characteristics of IceMole on-board processor. According to
those, the spectra will be transmitted directly to surface or if necessary they will be elabo-
rated with a second processor and only the final result, which means a signal that says if
there are biosignatures or not, will be transmitted. On the other hand, how the required
power will be supplied to the instrument will have to be investigated by the design team of
the probe, in order to complete the integration of the system.

In the long-term future, the proposed Raman spectrometer will be then improved for a
subsurface probe for space exploration and life detection missions. These missions will have
as targets those celestial bodies that are promising for harbouring potential living micro-
organisms: the polar caps of Mars, Jupiter’s moon Europa, and Saturn’s moon Enceladus. By
moving the aim of the EnEx initiative towards space, the future steps will concern making the
instrument suitable for it. Because of the harsh conditions of space targets, the requirements
will be validated for them or changed accordingly, as well as the design choices will be re-
discussed in order to achieve the best performance.
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A
COMPONENTS’ TECHNICAL DATA SHEETS

This Appendix collects the technical data sheets of the selected components for the proposed
design of the Raman spectrometer.

SAPPHIRE

Sapphire (Aluminium Oxide)

Density 3.98g/cm3

Young’s Module 79×1010 Pa
Mohs Scale 9
Melting Temperature 2030◦C
Thermal Expansion Coefficient 5.0−6.6×10−6 K−1

Specific Heat Capacity 0.761×10−3 J/(kg ◦C)
Transmission range 0.17−5µm
Birefringence −0.008

INVAR

Invar (Nickel-Iron Alloy)

Density 8.1g/cm3

Young’s Module 137−145×1010 Pa
Poisson ratio 0.29
Hardness 1200−2400×106 Pa
Melting Temperature 1427◦C
Thermal Expansion Coefficient 1.7−2.0×10−6 K−1

Specific Heat Capacity 0.515J/(g ◦C)
Curie Temperature 279◦C
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SEMROCK 532nm BRIGHTLINE® SINGLE-EDGE

SUPER-RESOLUTION LASER DICHROIC BEAMSPLITTER
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SEMROCK 532nm EDGEBASIC™ BEST-VALUE LONG-PASS

EDGE FILTER
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EDMUND OPTICS 25.4×25.4mm PFL 30◦ OFF-AXIS PARABOLIC

ALUMINIUM MIRROR
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THORLABS FIXED FOCUS COLLIMATION PACKAGES:
FC/APC CONNECTORS
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1  Introduction 
 
The FREEDOM HR-VIS is a robust, athermal, industrial grade diode array based 
spectrometer for OEM integration. The key benefits of the product are: 
 

 Compact size of only 61 x 65 x 19 mm 
 High resolution  down to 0.4 nm 
 Cost efficient 
 Low stray light < 0.03% 
 OEM integration friendly design that allows easy adaptation to your own electronics 

and detector 
 Robust and athermal design 

 
See also Table 2 for more details on the specifications of the FREEDOM HR-VIS 
spectrometer. 
 
This document is a detailed product specification describing the FREEDOM HR-VIS principle 
of operation (see Chap. 2) and technical specifications (Chap. 3). 
 
The FREEDOM spectrometer is intended for integration with your own electronics and 
therefore the electrical interface of FREEDOM is a direct access to the pins of the line 
detector array. For more information about the detector array interfaces supported by 
FREEDOM HR-VIS please see the respective data sheets from the suppliers listed in Chap. 
2.2. 
 
FREEDOM can also be supplied with the VersaPic USB/RS-232 controller and VersaSpec 
software. Please see chapter 4 for a description of this electronics and software option. 
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2 Principle of operation 

2.1 Spectroscopy 

 
 

Figure 1: Using the FREEDOM HR-VIS in typical spectroscopic applications. 

 
Figure 1 illustrates how the FREEDOM HR-VIS can be used in various spectroscopic 
applications.  
 
In most applications either a transmission or reflection geometry is used. A broadband 
light source like a lamp is used to illuminate the sample under test and the spectrometer is 
then used to collect the transmitted/reflected light. The spectrometer will measure a 
spectrum that in turn can be used to determine certain characteristics of the sample.  
 
As indicated on Figure 1 c) the FREEDOM HR-VIS spectrometer can also be used for 
determining the spectral content of a light source or a fluorescent substance.  
 

2.2 FREEDOM HR-VIS 

 

Figure 2: Optics schematic diagram. 

 
The schematic diagram for the optics of the FREEDOM HR-VIS spectrometer is illustrated in 
Figure 2. The FREEDOM HR-VIS 
collimating mirror, a transmission grating and a focusing mirror. The FREEDOM HR-VIS uses a 
very high diffraction efficiency fused silica transmission grating produced by Ibsen Photonics 
internally as shown in Figure 3.  
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Figure 3: Typical diffraction efficiency of Ibsen transmission grating. 

The numerical aperture of the spectrometer is 0.11 (equivalent to an F-number of 4.5). 
 
The FREEDOM HR-VIS spectrometers can be configured by Ibsen with a range of input slits 
providing the optical FWHM resolution that best suits your requirements. Since a slit will 
limit the amount of available light on the detector we always recommend that you work 
with the largest possible optical resolution that is acceptable in your application. In Figure 
4 you can find the relation between slit width and resolution. 
 
 

 

Figure 4: FWHM resolution of FREEDOM HR-VIS as a function of input slit width. 

 
 
FREEDOM HR-VIS supports as standard two different line array detectors with various 
benefits as outlined in Table 1. However, Ibsen Photonics can in most cases customize a 
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FREEDOM spectrometer to accept almost any other line array detector. Please, contact 
Ibsen Photonics directly to discuss adaptation to a non-standard detector array. 
 
For specifications of the electrical interface to the line array detectors please see the data 
sheets for the individual detectors. 

Table 1: Line array detectors supported by FREEDOM HR-VIS. 

 

Detector SONY ILX511B Hamamatsu S10420-1106 

FREEDOM Part # FHV-300 FHV-315 

Number of pixels 2048 2048 

Pixel width 14 m 14 m 

Pixel height 200 m 896 m 

Technology CCD BT-CCD 

Benefits 
High sensitivity 

Low cost 

High sensitivity  

Medium S/N 

Drawbacks Low S/N and Dyn. Range High cost 

Documentation [1] [2] 
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3 Specifications 

3.1 Specifications 

Table 2: FREEDOM HR-VIS specifications (typical values) 

Parameter FHV-300 FHV-315 Comment 

Wavelength range 360  830 nm 360  830 nm  

Numerical aperture 0.11 0.11  

Minimum Optical resolution 0.4 0.4 FWHM with 10 micron 
slit 

Stray light < 0.03 % < 0.03 % At +/- 40 nm from 
peak 

Detector 

SONY 

ILX511B 2048 

CCD 

Hamamatsu 

S10420-1106 

BT-CCD 

 

Dimensions 
61 mm x 65 mm x 
19 mm 

61 mm x 65 mm x 
19 mm  

Dynamic range 700:1 4800:1  

S/N 185:1 542:1  

Operating temperature 
interval -10 to + 45 oC -10 to + 45 oC Non condensing 

Storage temperature 
interval 

-30 to + 80 oC -30 to + 80 oC  

Temperature shift < 0.02 nm / oC < 0.02 nm / oC  

 
 
Specifications are subject to change without prior notice. 
 

3.2  Parameter definitions: 

3.2.1 Wavelength range 
The wavelength range is defined as the range of wavelengths that is captured by the 
detector.  

3.2.2 Numerical aperture (NA) 
The numerical aperture of the spectrometer defines the range of angles by which the 
spectrometer can accept light. 

3.2.3 Minimum optical resolution 
The resolution is defined as the FWHM peak width as measured by the spectrometer when 
the input is a single wavelength (i.e. a monochromatic light source). The minimum 
resolution is the smallest resolution that can be obtained with the spectrometer. 
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3.2.4 Grating efficiency 
The grating efficiency is the absolute diffraction efficiency for the transmission grating 
including AR-coating. 

3.2.5 Stray light 
Stray light is measured as the light at wavelengths of +/- 40 nm on each side of the peak 
recorded, when the input is a monochromatic light source. 

3.2.6 Wavelength shift 
The wavelength shift is defined as a wavelength shift per degree C and is a deterministic, 
nearly linear function of temperature. 
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3.3 Package dimensions 

The package dimensions are shown in Figure 5 for FREEDOM HR-VIS. Note that all dimensions 
are given in mm. 
 

 
  

  

Figure 5: Package dimensions of FREEDOM HR-VIS. 
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3.4 Spectrometer mounting 

 
FREEDOM HR-VIS has three M3 through holes (6 mm deep) for mounting the spectrometer 
housing to a chassis and base.  
 

 

Figure 6: Spectrometer mounting 
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3.5 SMA adapter 

 
The input adaptor accepts any SMA connector unless they exceed the dimensions shown 
below. 
 

 

Figure 7: Maximum screw in depth for SMA hexagon nut types. 

 
Ideally a round hexagon is used, but there is also space for a hex nut provided the max outer 
diameter of the nut is 9.24 mm max and the screw in depth of 4 mm max. Smaller outer 
diameter allows screw in depths up to 6 mm as illustrated in Figure 7. 
 
On the rear side of the sensor frame two M2 threaded holes enables the mounting of a printed 
circuit board (PCB) to be fixed along with the sensor. The threaded holes are machined after 
surface treatment and hence conductive. The thickness of the sensor frame is 4.5 mm thus it 
is very important that the screw in depth do not exceed 4 mm as this would 
permanently damage the spectrometer! Note the frame is tilted in relation to the housing. 
 

 

Figure 8: Mounting holes for sensor PCB. 

 

8 mm hexagon full nut 8 mm round nut 
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4 Operation with VersaPic USB/RS-232 Controller and software 

FREEDOM can optionally be supplied with the VersaPic USB/RS-232 controller, drivers, and 
software. You can use this option to be able to quickly evaluate FREEDOM for your 
application before you make your own electronics and/or software. The VersaPic USB/RS-
232 controller can also be used as the electronics in your final instrument and you can use 
the VersaSpec software development kit (SDK) for writing your application. 
 

4.1 OEM Spectrometer Software 

Ibsen offers a common software platform across all spectrometers. On Figure 9 you can 
see a summary of the various software levels. 
 

 

Figure 9: Overview of software interfaces 
 

 

4.1.1 Drivers 
In order to get communication to work with the spectrometer you need to install a USB 
driver and a virtual COM port driver. These come with the download package from our 
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website (http://www.ibsenphotonics.com/about/customers/customer-download/versaspec-
v3-1-6) or can be downloaded from the FTDI home page. 

4.1.2 Firmware (RS-232/USB) commands 
The lowest level that you can communication with the spectrometer is by Firmware 
commands. These will provide you with most flexibility but also requires most work since 
you have to perform the communication command by command. The Firmware command 
set is independent of operating system so you are not tied to using Windows for instance. 
A Firmware Command Reference Manual can be provided on request. 
 

4.1.3 Software Development Kit (SDK) 
The SDK operates at a layer above the Firmware comm

s group several firmware commands into more convenient function calls to 
make it easier to program using C, LabVIEW or similar higher level programming 
languages. The Software Development Kit has its own User's Manuals included in the 
package as well as some programming examples. 
 

4.1.4 VersaSpec 
The VersaSpec software is application software that runs under Windows mostly intended 
for quick evaluation of our spectrometers. You can set basic parameters like integration 
time, number of averages but most of the Firmware parameters cannot be set by the 
VersaSpec. 
 
 

4.2 VersaPic Electronics specifications 

cted via a ribbon cable as shown on 
Figure 10. One PCB is mounted on the spectrometer and holds the detector in a socket. 
The other PCB is the USB controller performing the A/D conversion and read out circuitry 
for USB. 
  

 
 

Figure 10: Set of electronics 
 

 

Electrical Parameters 

Power supply USB-Hub powered or + 6 ... 16 V DC 

   Operation current    <150 mA (on USB) 

   Quiescent current     
   (power down) 

   < 5 mA (interface dependent) 
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Analog to Digital Conversion Unit  

   Resolution    16 bit, 2 bit RMS (without oversampling), 4 bit INL, no missing code 

   Sampling speed    10 MS/sec. 

   Sampling mode    Sample and Hold: 1, 4 - fold prog. oversampling 
   or Correlated Double Sampling 

   Inputs    2 (odd and even), programmable for positive or negative video 
   signals 

   Input full scale range    2 V or 4 V, programmable 

   Gain    1...5 programmable in 64 steps 

   Offset    External compensation or programmable up to +/- 300 mV 

Interfaces  

   USB 2.0    Full speed (12 Mbit/sec) (virtual COM Port) 

   RS232    8, N, 1, RxD, TxD, no flow control up to115200 bit/sec. 

   TTL-UART    up to 921600 bit/sec 

   SPI    up to 5 Mbit/sec. 

Process control   

   Trigger input    TTL, slope programmable 

   Shutter output    TTL, programmable state and delay 

   Flash lamp control    programmable flash length, programmable burst 

 
 
 

 

Figure 11: Dimension of VersaPic Controller. 
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4.3 Wavelength calibration 

The FREEDOM HR-VIS is wavelength calibrated at a fixed temperature of 25 deg C 
according to a polynomial of 4th degree: 
 

Eq. 1 1..0,nm max
4

4
3

3
2

21 NpixpixBpixBpixBpixBA  

 
This equation describes the relation between the beam spot position (pix) on the detector 
array and the optical wavelength ( ). Nmax is the number of pixels in the detector array.  
 
The coefficients A, B1, B2, B3, and B4n are measured for each FREEDOM HR-VIS unit and are 
supplied with the Certificate of Conformance. In case the Ibsen Photonics VersaPic 
controller electronics is used, the coefficients are stored in flash memory on the VersaPic 
board during manufacturing. The coefficients are used by the VersaSpec Windows software 
to display the measured power versus wavelength directly. If you need to write your own 
software it is possible to read the coefficients by using the firmware commands as 
described in the respective manuals.  
 
 

5 Related documents 

 
ID Document 

[1] SONY ILX511B Data Sheet 

[2] Hamamatsu S10420 Data Sheet 

[3] VersaPic and software VersaSpec V3.x, Operating Instructions 

[4] Firmware Commands VERSA PIC, Operating Instructions 

 

6 Revision history 

 
Revision no. Revision 

1.0 Final version  

2.0 Updated slit size in Table 2, software on website, VersaPic picture, Eq. 1 corrected  

  

  

  

 
 



B
CAD DRAWINGS

This Appendix presents the technical drawings of the components that were modelled through
the CAD software CATIA™: the case, the optics mounting support, the window mounting
support, the beamsplitter mounting support, the filter mounting support and the collimator
mounting support.
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